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ABSTRACT
Various hypothetical growth curves were used to evaluate the suitability of using

mean relative growth rate (m) to compare growth when tree seedlings differ in initial
size. Two seedlings were said to be growing according to the same basic growth curve
if the only difference between the two growth curves was due to time (i.e., the larger
seedling was always 2 weeks ahead of the smaller seedling). The m technique
eliminated such size-related growth differences when growth exhibited an exponential
pattern: y = k + eb+ct  (where k = 0, t = time, and band c are constants). The RGR technique
did not eliminate size-related growth differences under conditions where k was not equal
to zero or when the growth curve was not exponential. Various examples are given to
shtiw  that Rx usually declines as seedling size increases dur&the  first 5 months after
germination. Where the !@?R value is a function of size, the RGR method of analysis is
not suitable for eliminating growth differences related to seedling size.

Keywords: growth analysis; relative growth rate; growth curves; seedling size.

INTRODUCTION

Researchers in forestry often use mathematical models to help provide insight into the
biological principles behind empirical studies. When a new model of tree growth is
proposed, it should be thoroughly tested before being widely accepted as useful. It is
important to fully understand the underlying assumptions necessary for correct use of the
model. Understanding the assumptions is especially helpful when mathematical equations
are used to test the validity of the model. One hypothetical growth equation may indicate the
model is valid and useful but, in order to be universally applicable, the model must withstand
testing by numerous examples. A model which is correct in only a few specialised  cases will
have limited utility.

One method used to analyse tree growth is the comparison of mean relative  growth rates
(Rm) (Evans 1972; Hunt 1982). Although the technique was proposed in the early part of
this century (Blackman 19 19), it was several decades before this method was used to analyse
growth of tree seedlings (Rutter 1957). The popularity of this technique in forestry grew after
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a meeting of tree physiologists in Edinburgh, Scotland. At this meeting, Wareing (1966)
stated that “mean relative growth rates eliminated the differences in growth rates due to
differences in tree size”. His statement was supported by a hypothetical example (Sweet &
Wareing 1966) in which= declined with time but the relative size difference between two
seedlings remained the same (proportional growth*). Later, Sweet & Wells (1974) used
another hypothetical example of two seedlings that exhibited a “constant” RGR for a 3-year
period. However, in both studies (Sweet & Wareing 1966; Sweet & Wells 1974) the
experimental data did not support the hypothetical examples. Thus far, the only hypothetical
cases used to justify the use of m have involved either proportional growth or exponential
growth?. The RGR  method has not been tested for other types of growth curves.

The a technique is often viewed as useful in comparing the growth of seedlings of
different sizes (Causton & Venus 198 1; Brand 199 1; van den Driessche & van den Driessche
1991). As a result, this technique is used by researchers when initial size differences exist
owing to species (Sweet & Wareing 1968a; Kolb & Steiner 199Oa),  genotypes (Sweet &
Wareing 1968b; Kolb &Steiner 1990b),  stock types (van den Driessche 1992),  mycorrhizal
inoculations (Mexal 1980),  and fertiliser treatment (van den Driessche 1982). Regarding
plant growth analysis, Causton (1983) has said we need concern ourselves no longer with
absolute growth rates. Therefore, some papers have publishedm values without reporting
absolute growth rates (Kolb & Steiner 1990b; Margolis & Brand 1990).

Although the l%% technique is applied regardless of the shape of the growth curve, few
researchers understand the outcome w& growth is non-exponential. This paper examines
the expected results of applying the RGR technique when using various types of growth
curves. These curves were used to test the hypothesis that the use of RGR eliminates the size-
related growth differences.

THEORY

The Relative Growth Rate (RGR) of a plant at an instant in time (t) is defined as “the
increase of plant material per unit of material present per unit of time”. The equation is
written as:

R G R  =t f$- =  2 (1nW) (1)

where In is the natural logarithm and W is a measure of the plant material present. The total
dry weight of the seedling is often used but other measures of W include above-ground
weight (Britt er al. 1991),  fresh weight (Sweet & Wareing 1968a; Ingestad & Lund 1986)

* The term “proportional growth” as used in this paper is defined as existing when two trees that differ
in size have equivalent mean relative growth rates for any given time interval.

t The definition of exponential growth is usually restricted to population growth of animals or
unicellular organisms (Collocott & Dobson 1974; Martin 1977; Parker 1989). Most dictionaries do
not define exponential growth in terms of the growth of an individual organism. However, since tree
seedlings grown under conditions of increasing fertiliser can exhibit exponential growth for a short
period of time, the term “exponential growth” as used in this paper is defined as the growth of an
individual plant that can be modelled with a function that includes the value “e” raised to some
exponent and the function will predict the final weight to within 10% of the measured weight.



diameter (Perry 1985),  basal area (Harrington 8z Tappeiner 1991), height (Sweet & Wells
1974; Roberts & Wareing 1975; But-don  & Sweet 1976; van den Driessche 1982; Cannel1
et aI. 1984),  stem volume (Byrne & Wentworth 1988; Thomas & Weiner 1989),  and canopy
volume (Shainsky & Radosevich 1986).

Since it is not practical to make a continuous record of the changes of W with time, it is
customary to make measurements at a number of isolated times and then calculate the RGR
over the period between two measurements.

The Rm over a period of tl to tz is given in Equation 2.
1Rz = - t2 1

f? d t
t2 - t1 t1 !f dt (2)

Integration of Equation 2 yields the following.

RFR =
lnW2--In  W1

t2 - t1
(3)

Although this formula can be used to correctly calculate a RGR even for non-exponential
growth (Fisher 1921; Causton 1983),  it does not follow that use of Formula 3 will eliminate
size-related growth differences when growth does not follow aconstant exponential pattern.
The failure to appreciate this distinction has caused many researchers to misuse this
technique to eliminate size-related growth differences when growth is not exponential.

METHODS
When working with actual data, determining the portion of growth that is purely size-

related is not an easy task. This is because under natural conditions, growth is a function of
size as well as differences in temperature, nutrient uptake, moisture  availability, photoperiod,
light intensity, and genetics. It therefore is much easier to illustrate the theory behind a
technique by using hypothetical examples which do not confound size-related growth
differences with growth differences due to genetics or a changing environment. Therefore,
a series of hypothetical growth curves were selected to test whether the I%% method will
remove growth differences that are related to size. The growth curves examined involved
exponential, curvilinear, sigmoid, and linear models.

Size-related growth differences can be modelled either with a “proportional growth”
model or with a “time gain” model. The “proportional growth” model (used by Sweet &
Waring 1966) was rejected as an appropriate way to model size-related growth. If the only
difference between two plants is in initial size, then a biological reason for use of proportional
growth would be difficult to explain. For example, why would two genetically identical
clones of different initial sizes grow according to two different growth curves in a
competition-free growth chamber environment? When comparing the growth rate at a given
weight (e.g., 1 g). chronological age would be the only variable to explain why the smaller
clone would grow proportionally less. In the absence of exponential growth, there is a lack
of dry weight data to support the existence of proportional growth in young seedlings.

required to be equivalent to a 2-week gain in growth. Therefore, expressions of the form
W=f(t)  and W=f(t+2)  were chosen where W is the plant weight and t is the number of weeks
from germination. Two growth curves were considered to be the “same basic growth curve”
if they exactly overlapped when the curve of the small seedling was shifted along the x-axis
to the left. If they did not overlap after the shift, then the two growth curves were said to be
different.

The null hypothesis (Ho) in this study can be stated: seedling size does not affect %R
when seedlings are growing according to the same growth curve. The null hypothesis was
accepted where there were no size-related differences in RGR for all weekly time intervals
examined. The null hypothesis was rejected when differences in RGR were observed.

In addition to examining the effectiveness of the %% technique in eliminating size-
related differences with hypothetical data, studies involving real data were summarised.
I@% values were examined to determine if exponential growth is typically observed during
the first 5 months after seed germination.

RESULTS

Exponential Model
Although there can be several types of exponential growth curves, the type used in this

study was of the following form:

w = k + e@ + ct) (4)

where W equals seedling weight in grams; seed weight is equal to k + eb, and c is a constant:
and t is the number of weeks from germination. The c term equals the RGR only when k
equals zero. When k = 0, b = -3.7886, and c = 0.3 1.572, the equation fits the hypothetical data
provided by van den Driessche & van den Driessche (1991). The initial difference between
the two plants at germination is 0.0199 g (Table 1 Equation 4A). However, the difference in
size after 20 weeks is increased to 11 .O g (Fig. la). Use of this exponential curve does not
allow us to reject the null hypothesis because the two plants have the same &% for all time
intervals (Fig. lb).

Regardless of either the size of the organism, or the time interval examined, the RGR  of
the small seedling always equals the RGR of the large seedling. A mathematical proof of this
equality follows:

ln e b+&+z) _ ln e b+c(tl+2)
= =C

t2 - 11
large plant RFR

small plant RTR
In e b+cb  - In e b+%

=
=

c
t2 - t1

A “time gain” model was selected since it appears to be the most biologically appropriate
way to model growth differences due to initial size. For each growth curve examined, size-
related differences were modelled  by determining the initial plant weight that would be

The constant k in Equation 4 is useful when eb does not accurately reflect the initial seed
weight. Without k, some exponential models may produce a high $ but over-estimate or
under-estimate seed weight. The effect of k on the pattern of RGR was examined with
Equation 4B (Table 1). In this example, k = -0.02 (i.e., 0.02 g is subtracted from each of the
weights in the previous example). Again, at germination there is only a 0.0199-g difference
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Weight (9)
25 ,

0
0 1 2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 18 19 20

Weeks after germination

RGR (week’)
08,

6
07

0 6

021  I , I I I I I, I ,,I t I, I, I I
0 1 2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 16 19 20

Weeks after germination

FIG. 2-Growth  curves (A) andmeanrelativegrowthrates(B)for twoseedlings thataregrowing
according to the following exponential equation:
Y = -0.02  + e(-3.7886  + 0.31572 t)

For the larger seedling (W) t = 2 + weeks after germination,
For the smaller seedling (0) t = weeks after germination.

than a 15-mg  difference in seedling weight at the beginning of the 20-week period (Table 1
Equation 5A). The two seedlings grow according to the same growth curve and after 20
weeks a 0.114-g difference in weight is observed (Fig. 3a). However, despite the fact that the
seedlings are growing on the same growth curve, there are differences in theRdR (Fig. 3b).
The initial increase in Rx for the small seedling occurs because k is positive. For this
example, one might consider k to be the seed weight since when t = 0, there must be some
weight present. However, even if k was equal to zero, the two seedlings would not have the
same RGR and the null-hypothesis would still be rejected.

When k = 0 the large seedling will always have a smaller RGR  than the small seedling:

ln(b(tz  + 2)=) - ln(b(t,  + 2)a) ln(btZa)  - hr(btla)<

tz - t1 tz - t1

Weight (g)

;;;-TJj

:lil-:::-):::/,  ( , ( ( ; ;., , 1
0,23456 7 6 9 10 11 12 13 14 15 16 17 16 19 20

RGR (week’)
06,

6

Even though the RGR of both seedlings will approach c when t is large, the E for the
larger seedling will still be marginally smaller. However, when kisgreater than zero the large
seedling will always have a larger m than the small seedling.

Curvilinear Model
The following curve was selected to test the null hypothesis.

W = k + bta (5)
When k = 0.005, a = 1.66, and b = 0.00462, this curve is similar to the data for Picea

muriana  (Mill.) B.S.P. seedlings grown in containers (Timmer 1991). Initially, there is less

o ,I,I,,‘,L,,,,,,1,,1,
0 12 3 4 5 6 7 6 9 10 1, 12 13 14 16 16 17 18 19 20

Weeks after germination

FIG. 3-Growthcurves  (A) andmeanrelativegrowthrates(B)fortwoseedlingsthatare growing
according to the following quadratic equation: Y = 0.005 + 0.00426d’.66)
For the larger seedling (m) t = 2 + weeks after germination.
For the smaller seedling (0) t = weeks after germination.



than a 15mg  difference in seedling weight at the  beginning of the  20-week period (Table 1
Equation 5A). The two seedlings grow according to the same growth curve and after 20
weeks a 0.114-g difference in weight is observed (Fig. 3a). However, despite the  fact that the
seedlings are growing on the same growth curve, there are differences in them (Fig. 3b).
The initial increase in RGR for the small seedling occurs because k is positive. For this
example, one might consider k to be the seed weight since when t = 0, there must be some
weight present. However, even if k was equal to zero, the two seedlings would not have the
same RGR and the null-hypothesis would still be rejected.

When k = 0 the large seedling will always have a smaller m than the small seedling:

ln(b(tz  + 2)9 - ln(b(t,  + 2)a) ln(btza)  - m(btl*)<

t2 - t1 t2 - 4

Weeks after germination

RGR (week’)

FIG. 3-Growth  curves (A) and mean relativegrowthrates (B) for two seedlings that are growing
according to the following quadratic equation: Y = 0.005 + 0.00426W6)
For the larger seedling (m) t = 2 + weeks after germination.
For the smaller seedling (0) t = weeks after germination.
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Sigmoid Model
A logistic function of the type used by Ledig  & Perry (1969) is provided as an example

of a symmetric sigmoid curve.
W=k+c(l+be-a)-’ (6)
The difference in initial seed weight in this example is less than 0.036 g (Table 1

Equation 6A). Since the upper limit(c) is equal to 12.0 g when k = 0, the difference in weight
at the tenth week is greater than at the end of 20 weeks (Fig. 4a). The RGR of the two curves
is about the same at the beginning and end, but during the linear phase of growth, the smaller
seedling exhibits a higher RGR (Fig. 4b). This growth curve also rejects the  null hypothesis.
In this example, the large seedling will always have a smaller m than the small seedling:

Weight (g)
14

A

AGR  (week’)
08

Weeks after germination

FIG. 4-Growth curves (A) and mean relativegrowthrates (B) for two seedlings that are growing
according to the following sigmoidal equation:
Y = 0 + 12( 1 + 1000e(-0~69t))-1
For the larger seedling (W) t = 2 + weeks after germination.
For the smaller seedling (0) t = weeks after germination.

South-Mean relative growth rates 153

ln(c( 1 + be -a(12+2))-1  - ln(c( 1 + be -a(t1+2))-1 ln(c( 1 + be -at2)-1 - ln(c(  1 + be -at~)-1
<

f2 - t1 t2 -4

To demonstrate the effect that a small difference in initial seed weight can have on the
Rm curve, another sigmoid curve with k = 0.02 g was constructed (Table 1 Equation 6B).
The difference in the growth curves (Fig. 4a v. Fig. 5a)  appears imperceptible, but the small
difference in seed weight during the early phases of growth results in a substantial difference
in %% (Fig. 5b). Them values are now different during the early as well as middle stages
of growth. Soon after germination, the RGR rises and peaks after 5 to 10 days and then
steadily declines. This pattern in RGR  is typical of many annual plants (Hunt & Lloyd 1987).

Weeks after germination

RGR  &reel?‘)
08

Weeks after germination

FIG. 5-Growthcurves (A) and mean relative growth rates(B) for two seedlings that are growing
according to the following sigmoidal equation:
Y = 0.02 + 12(1 + 1000e(-0.69t))-1
For the larger seedling (W) t = 2 + weeks after germination.
For the smaller seedling (0) t = weeks after germination.
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Linear Model
Two sets of linear functions were examined. In both, the model was of the following form.
W = k [a + bt] (7)
In the first example (Table 1 Equation 7A),  as with all previous ones, the difference in the

initial weight of the plant results in a 2-week difference in tree weight. Since the absolute
growth rate (0.6 g/week) is the same for both seedlings, the initial difference in weight ( 1.2 g)
is maintained throughout the study (Fig. 6a). Even though there is no difference in absolute
growth rates, there are large initial differences in RGR. As the seedlings get larger, them
values get closer together and differ only at the third decimal place after 20 weeks (Fig. 6b).
This type of linear growth curve rejects the null hypothesis. In this example, the large
seedling will always have a smaller RGR than the small seedling:

RGR (weeii’)

Weeks after germination

I
!

i
-4

9 20

FIG. 6-Growth  curves (A) and mean relative growth rates(B) for two seedlings that are growing
according to the following linear equation: Y = l(O.2 + 0.6t)
For the larger seedling (m) t = 2 + weeks after germination.
For the smaller seedling (0) t = weeks after germination.

155South-Mean relative growth rates

ln[a + b(t2  + 2)]  - ln[a + b(t,  + 2)] < ln[a + bt,] - hr[a + bt,]

t2 - t1 t2 - t1

For each of the previous examples, both the small and the large seedlings were growing
according to the same growth curve. The observed difference in growth could be explained
by just a 2-week difference in development. Therefore, if the curve for the small tree was
shifted along the x-axis to the left by 2 weeks, the two curves would exactly overlap.

The last example (Table 1 Equations 7B and 7C) deals with two seedlings that exhibit
proportional growth (Fig. 7a) but have different growth curves. Even though the growth
curves can not be overlapped (by shifting one along the x-axis), the RGR values (Fig. 7b) are
the same. The equations within the brackets are the same but, because of different k values,
the weight values for Equation 7C are always nine times that for Equation 7B. Although this

Weight (g)
25

A

20 -

.m-’
J.

.=-
15 -

.=
.=

.r
.=

.m-
10 - .rn’

1’
.=*

.=
.I

5- _=.
.I

.m*

0 1 2 3 4 5 6 7 8 9 10 1, 12 13 14 I5 15 17 ,8 19
Weeks after germination

I

-I
0123455 7 8 9 10 1, 12 13 14 15 15 17 I8 19 20

Weeks after germination

FIG. 7-Growth  curves (A) and mean relativegrowthrates (B) for two seedlings that are growing
according to two different linear equations.
The line for the larger seedling (W) is: Y = 9(0.1 + O.lt)
The line for the smaller seedling (0) is: Y = l(O.1 + O.lt)
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Weight (g)

RGR (week’)
0 . 6

Weeks after sowing

B

4 6 6 IO 12 1 4 1 6 16 2 0 2 2 2 4 2 6 2 6 3 0

Weeks after sowing

FIG. Y-Growth curve (A) and mean relative growth rates (B) for Pinus  taedu  seedlings (W) and
Pinus  elliottii seedlings (e) growing in a bare-root nursery in South Africa (Donald &
Young 1982).

When the growth curve is not exponential, the use of RGR does not “eliminate” size-
related growth differences. Even though correct calculations of RGR can be made for non-
exponential curves, the RGR of two trees that are different in size but growing according to
the same growth curve will not be the same. For some types of curves, the difference in m
values will be greatest during the initial stages of growth (e.g., fmt 10 weeks). In other types
of curves (i.e., sigmoid), the difference may be greater during the rapidly increasing linear
phase of growth.

Although the above examples focus on growth soon after germination, exponential
growth curves (with k = 0) are less likely to occur when growth is measured over several
years. It has previously been pointed out that the RGR technique does not adequately correct
for size differences from years 1 to 6 (Burdon & Sweet 1976; Britt et al. 1991) or from years
5 to 30 (Brand et al. 1987; South et al. 1988).
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Van den Driessche & van den Driessche (1991) have suggested that the RGR technique
is useful for comparing seedlings of different sizes “even though larger seedlings may show
smaller values of relative growth rate than smaller seedlings”. They suggested that in many
situations, size differences between seedlings are not so large that the estimation of relative
growth rate is seriously biased. However, it is not the “estimation” that is in danger of being
biased since the RGR is correctly calculated as defined by Equation 3 (van den Driessche &
van den Driessche 1991). What is in question is the degree of bias in interpretation of the
experimental data that can result from a lack of removing the confounding of size. Can an
unbiased comparison of m values be made without considering the size of the tree for
which it was derived? If size differences are ignored when they are not “large,” how much
bias is acceptable before an alternative method of analysis is required?

For example, let us consider the growth of Picea mariunu seedlings (Fig. 3). Since the
initial size difference is less than 0.015 g, would it be acceptable to use the RGR method to
conclude that the two seedlings were not growing according to the same growth curveduring
the first 14-week period? If so, the researcher would make a Type I error (the hypothesis that
there is no difference in growth curves is true but the decision to reject the hypothesis is
wrong). In fact, when the difference in size between seedlings becomes larger (i.e., after
week 14) the chance of making a Type I error actually decreases instead of increases.

In contrast, when dealing with seedlings that are growing according to two different
growth curves (e.g., Fig. 7a),  it is likely that the RGR technique results in a high percentage
of Type II errors (the hypothesis that the two seedlings are growing according to the same
growth curve is false but the statistical test causes the researcher to accept the null
hypothesis). In addition, because of a large variation in RGR from harvest to harvest,
statistical tests will often lead to the conclusion that there is no statistical difference in RGR
among different genotypes (e.g., Sweet & Wareing 1968b). For example, Donald & Young
(1982) reported no statistical difference in m for Pinus  tuedu and P. elliottii growing in
a bare-root nursery (Table 3). Indeed, the trees were approximately the same weight between
weeks 4 and 22 (Fig. 9a). However, there was a final  weight difference of 30% by the thirtieth
week. Although it was concluded that the growth of P. tuedu and P. elliottii might be safely
predicted from the same exponential equation, there was no explanation as to why the growth
was less for P. elliottii during the final 8 weeks of growth.

Tall genotypes usually exhibit smaller RGR than shorter genotypes (Burdon & Sweet
1976) and seedlings from large seed usually exhibit smaller RGR than those from small seed
(Taylor 1972; Fenner 1983; Barclay & Crawford 1984; Pathak & Patil1985; Hunt & Lloyd
1987). Despitethesefindingsthemtechniquecontinues  tobeused tocompare thegrowth
of different genotypes. However, when testing the statistical difference of RGR for different
species, it is possible to conclude that there is no “genetic” effect on early g,owth  by making
Type II errors. By accepting the hypothesis that there is no difference in RGR due to species.
it follows that the only difference in early seedling growth is due to initial differences in seed
size (van den Driessche & Wareing 1966). If this were indeed true, the conclusion could
easily be tested by sowing seed of equal size and comparing seedlings that germinate on the
same date. However, instead of taking this approach (which would eliminate the need for use
of the Rm technique since the plants would be starting out at an equal weight), many
researchers are satisfied that the conclusions made with the RGR technique are valid and do
not require verification.
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CONCLUSIONS

Although it has been more than 15 years since Burdon & Sweet (1976) realised that m
“... appears to be unsatisfactory as a means of eliminating initial size effects”, this method
of growth analysis continues to be used in forestry. Apparently, it is not well understood that
although the RGR can be correctly calculated for growth curves that do not exhibit aconstant
exponential growth with k = 0, the technique does not “eliminate” size-related differences.
A decline in RGR over time occurs when trees do not grow in a “constant” exponential
fashion with k = 0.

Hardwick (1984) warned that “there is the ever-present possibility that a method of
analysis, because it obscures understanding, or diverts attention or resources from more
profitable areas, will prove to have a negative utility”. Using the m technique to remove
size-related growth differences can obscure the understanding of tree growth by producing
different values when the trees are growing according to the same growth curve (Fig. 2-6).
The general belief that RGR is a measure of growth efficiency (Causton 1983; Brand 199 1)
has caused some confusion since it implies a seedling with a higher m is somehow better
than one with a lower=. With regard to improving our understanding of how trees grow,
this technique has had negative utility when used to “eliminate” size-related growth
differences. The method tends to divert attention away from the basic data and as a result,
in some studies, absolute growth data are not even reported. It is clear that, if progress is to
be made, researchers must avoid assuming tree growth is of a “constant” exponential form
with k = 0. When presenting data, the basic relationship of tree biomass with time should
be graphed with the objective ofreporting the true form of the growth curve (Radford 1967).
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INCREASED NUTRIENT AVAILABILITY IN TOPSOILS
UNDER CONIFERS IN THE SOUTH ISLAND HIGH

COUNTRY
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ABSTRACT
Soils collected from eight locations under exotic conifers and adjacent undeveloped

grasslands in the montane zone of the eastern South Island were analysed chemically to
examine the hypothesis that conifers increase the availability of nutrients, especially
phosphorus, in topsoils. Olsen and Bray-2 extractable phosphorus levels were higher
under the conifers than under adjacent grasslands at most sites, with the largest absolute
increases occurring under older stands on dry soils of the Mackenzie Basin. Increases
were smaller under stands on hygrous high-country yellow-brown earths of the Canterbury
region, but these soils were characterised  by large increases in mineralisable nitrogen and
sulphate-sulphur. Mean total phosphorus levels were not significantly affected by the
presence of conifers, but organic phosphorus levels were lower under the conifers than
under the adjacent grasslands and inorganic phosphorus levels were higher. Soil pH
declined under the conifers, the decline being greater in Mackenzie soils than in the
Canterbury soils. The decline in pH was accompanied by an increase in exchangeable
aluminium. Bray-2 extractable potassium and magnesium levels were higher under the
conifers than under grassland in the Mackenzie soils, but were lower under the conifers
in the Canterbury soils.

Lolium perenne L. (ryegrass) and Trifolium repens L. (white clover) grown in a
glasshouse experiment on soils collected from under both vegetation types responded
positively to the elevated mineralisable nitrogen (ryegrass) and available phosphorus
(white clover) levels. Foliar analysis of native shrubs persisting under young stands at
two sites in Canterburyrevealed higher concentrations ofnitrogen, phosphorus, potassium,
iron, copper, and at one site, zinc and manganese, than in shrubs growing in the adjacent
grassland. At both sites, boron concentrations were substantially lower in one shrub
species.

Mineralisation of organic matter by the pines appears to be the major mechanism for
nutrient enrichment of topsoils under pines in the hygrous soils of Canterbury, but a
different process, possibly transfer of nutrients from deeper horizons to the soil surface
via nutrient uptake and litterfall, may be more important in the dry-hygrous soils of the
Mackenzie Basin.

Keywords: exotic forests; foliage analysis; high country; nutrients; soil analysis; soil
fertility; tussock grasslands.
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