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Introduction

Ensuring maximum early survival and good growth of new plantings is essential when
optimizing site potential. This becomes increasingly important when improvements are
made to the genetic potential of the material planted. Poor survival of improved material
will negate the breeding and production efforts inputted. prior to planting to improve the

yield from the site.

The most important softwood species in South Africa is Pinus patula accounting for
approximately 47% of all landholdiﬁgs planted to softwoods (Bester et al., 2000).
Currently, the primary method of deploying P. patula is by seed propagated from bulk
open pollinated seed mixes of superior families with an average improvement m yield of
approximately 10% over material that was deployed in 1990 (Kanzler, 2004).
Depidyment of top elite open pollinated P. patula families with improved yields of as
much as 30% (or greater for control pollinated families) by seedlings is restricted by the
- limited production of seed from these families (Kanzler, 2004). The restriction that
limited seed places on the commercial deployment of high yielding planting stock is most
commorﬂy overcome through vegetative propagation of elite material as rooted cuttings.
It is commonly observed, however, that when planting P. patula cutting material field
survival is, on most occasions, poorer than seedling survival when the two plant types are
planted in the same operation (Bayley and Blakeway, 2002). This observation places a
~severe restriction on deploying this species by means of cuttings operationally, and

subsequently, on improving future yields of P. patula.

Local research efforts have already determined that factors such as high post planting
temperatures (Morris, 1991 and Allan, 1998), the maturation feeding by Hylastes
angustatus bark beetle (Morris, 1990), the quantity of harvesting slash around the plant
(Allan and Higgs, 2000), and the effect of plant pathogens, particularly Rhizina undulata
(Atkinson, 1997), have a significant effect on re-establishment success of P. patula as

seedlings. It is however, not fully understood why cuttings do not achieve the same post-



planting success that seedlings do or if the factors that affect seedling survival also
influence cutting survival. From limited experience when planting field trials using
cutting material, it believed that the factors contributing most to poor survival and early
growth after planting are, the effect of pathogens, particularly Fusarium circinatum, the
climatic or environmental conditions during the first season after planting, the description
of the planting stock at planting, and the effect of donor hedge maturation. The main aim
of the series of trials carried out in this study was to identify whether these factors did

affect post-planting mortality and growth, and if so, to quantify their effects.



Chapter I

The effect of applying prophylactic measures on the post-

planting survival of Pinus patula in South Africa

Mitchell, R. G., Zwolinski, J., Jones, N. B. and Coutinho, T., 2004. The effect of applying
prophylactic measures on the post-planting survival of Pinus patula in South Africa.
Southern African Forestry Journal 200: 51 - 58.

ABSTRACT

The observed survival of Pinus patula seedlings and cuttings has, on many occasions,
been inadequate in nurseries and after field planting in South Africa. There have
however, been several reports that survival can be improved if a fungicide is applied at
planting, indicating that mortality is partially related to pathogenic abtivity. This chapter
summarises the results from two trials established to investigate the effects of the
fungicide, Benlate (a.i. benomyl), and biological control agents, Trichoderma harzianum
and Bacillus subtilis, on P. patula survival and growth. During the nursery raising period,
the pathogen Fusarium circinatum was isolated from all dying material. Field results
from the trials indicate that initial post-planting survival appeared to improve if the
fungicide Benlate, and to some extent the biological agent 7. harzianum was applied at
planting. The apparent improvement, however, declined over time. Réasons for this are
not fully explained by the trial data but it is suggested that as fungicide efficacy declines
over time, young trees may become more susceptible to disease. Given the virulent nature
of F. circinatum, it is assumed that mortality in the nursbry was principélly due to this
pathogen, and that mortality in the field may be related to nursery infection. Due to the
world wide restriction on the use of Benlate, future research should concentrate on
identifying alternative fungicides and/or biological control agents that can be used in

nurseries and when establishing disease susceptible species such as P. patula.



INTRODUCTION

1t is important to optimise stand density of tree plantations to ensure effective site
utilisation and . economically viable timber production. This becomes increasingly
important when genetically improved planﬁng material is used at high cost. Pinus patula
has been identified as the most important pine species planted in South Africa with
approxunately 47% of all softwood plantatlons consisting of this species (Bester ef al.,
2000) In order to improve site productivity, the South Afncan forestry industry is
investing much of its available resources into improving the genetic potential of this

species.

A number of factors may negatively influence the re-establishment of P. patula. These
include: high post-planting temperatures (Morris, 1991), maturation feeding by the pine
bark beetle, Hylastes angustatus (Morris, 1990 a + b), and physiological stresses due to
high slash loads on the site (Allan ef al., 2000). It has also been observed that by applying
a fungicide to the pit at planting (Allan et al., 2000'; Allan and Higgs, 2000; Atkinson,
1997), or as a nursery application before planting (Atkinson, 1997; Barnett ef al., 1988),
field survival can be significantly improved. This indicates that one or more fungal

pathogens are present at the time of planting.

In addition to the inadequate field survival.that is often observed operationally, high
mortality among P. patula seedlings, and particularly cuttings, has been noted in South
African nurseries due, mainly, to the pathogen, Fusarium circinatum (Bayley and
Blakeway, 2002). It is postulated that by eliminating or reduéing this pathogen in
nurseries,_ improvements in field survival, and hence in final stocking, will be achieved.
Due to the increasing awareness of the dangers that fungicides pose on the environment
and to the people handling such chemicals, research on alternative disease control
methbds, particularly biological control, is being increased. Of the biological control
agents tested, Trichoderma harzianum and Bacillus subtilis have been shown to reduce
the growth of some Fusarium species effecﬁvely (Bacon et al., 2001;.Muhammad and

Amusa, 2003).



In this paper, the results from two trials established to test the effect of applying
prophylactic measures on P. patula survival, are presented. The trials were designed to
compare the activity of the biological control agents 7. harzianum and B. subtilis as
possible alternatives to the fungicide Benlate, and determine the effect of the prophylactic
treatment on plant type (seedlings versus cuttings). The effect of application time of the

compound applied in either the nursery or in the field, was also investigated.
METHODS
Nursery procedures:

Cuttings

All cuttings set for the first trial (trial 1) were rooted and raised at the Ngodwana nursery
whilst the cuttings that were set for the second trial (trial 2) were rooted at the
Escarpment nursery and transferred to the Ngodwana nursery once rooted. Cutting
material used in trial 1 was harvested from four families, whilst cutting material used in
trial 2 was harvested from five families. The four families used in trial 1 were the same as
those used in trial 2. The families included in the trials were selected for good growth. In
trial 1, cufting material was set into plastic trays, containing 49 round cavities with root
trainers (known as the Sappi 49 tray), and in trial 2, into plastic trays containing 98
square cavities with side-slits and root trainers (knowh as the Unigro 98 tray). Tray
cavities were 80 ml in volume for both tray types. The growing medium used was

composted pine bark in both trials.
Seedlings

The seedling material tested in both trials was obtained from seed sown operationally in
the Ngodwana nursery. The seedlings were removed from production soon after

germination and placed in a separate section of the nursery, along with the cuttings,



where they were raised. Due to the shorter raising period required, seed (for the seedling
control) was sown in the Sappi 49 tray, in composted pine bark, approximately one

month after the cuttings were set.

Treatments

Trial 1 tested the application of T. harzianum, B. subtilis and Benlate to control disease
on nursery stock whilst trial 2 only tested the application of T. harzianﬁm and Benlate. In
both trials, plants were grouped according to treatment prior to implementation of nursery
application of the prophylactics tested. Sufficient space was left between treatments to
enable application of the nursery treatments and to ensure that a particular treatment was
not accidentally applied to a neighbouring treatment group. The trays were rotated each

time treatments were applied to eliminate edge effects.

During the nursery period products were applied weekly for 3 weeks before establishing
trial 1 and every two weeks for a period of five months before establishing trial 2 (Table
1). In both trials, products were applied as a nursery drench. The T. harzianum and
B. subtilis treatments were applied at a rate of 450 g of product combined with 140 | of
water. The supplier had suggested this rate in the absence of established recommended
rates on pines in a nursery environment. The concentration of 7. harzianum was reported
to be a minimum of 10° fungal spores g and for B. subtilis, 10 CFU g”! (colony forming
units). The Benlate treatment was applied at a rate of 1 g of product (0.5 g active
ingredient) combined with 1 | of water. Products were applied to the plants using separate
watering cans with rosettes (to create a spray) for each nursery- treatment. All plants
received s_fandard fertilizer and water applications for the full duration of the raising
period irrespective of the treatment being tested. Based on the observations of high plant
mortality at the time of raising the trial material, it was hoped that sufficient inoculum
existed to test the products effectively. The trials were therefore not inoculated with

fungal spores.



Table 1: Treatments applied to trials 1 and 2 to test product efficacy and application

timing
Treatment Details
Control Standard nursery practice and water planting™®
Benlate — nursery Nursery drench (1 g I'") and water planting®**
Benlate — field Standard nursery practice and water planting with 2 g I
B. subtilis — nursery** | Nursery drench (5 g 1) and water planting***
B. subtilis — field - Standard nursery practice and water planting with 5 g I
T. harzianum — nursery ~ Nursery drench (5 g 1'") and water planting***
T. harzianum — field Standard nursery practice and water planting with 5 g I
* = Water planting is described as the application of 1 1 of water over the newly
established plant '
** = The B. subtilis treatments were excluded from trial 2
#¥k% =3 gpplications in trial 1 and 10 applications in trial 2

Field planting procedures

The two trials were established over two planting seasons approximately a year apart.
Site details of the two trials are summarized in Table 2. Trial 1 was laid out as a
Randomised Complete Block design with split plots, and trial 2 as a 5x5 Latin Square
with split plots. In the first trial, sub-plot treatments consisted of the four cutting families
and a single seedling mix. In the second trial, subplot treatments consisted of an equal
proportion of seedlings and cuttingé. The five cutting. families that were raised in trial 2
were mixed equally prior to planting so that each subplot consisted of precisely the same

number of cuttings per family. Individual family identities were not kept..

Manual pitting was carried out on the same day and prior to planting, and the pit was,
therefore, not permitted to dry out. All field treatments (Table 2) were applied over the

plants immediately after planting and not into the pit prior to planting.



Observations

In the nursery, dying plants all appeared to show symptoms of disease by exhibiting stem
and needle discolouration (purpling/browning) and early symptoms of wilt. Upon
removal from the trays, roots lacked white root tips and fine root hairs, commonly

observed in healthy plants. The dying plants were routinely removed and on five |
occasions submitted for pathological test. On two occasions plants that appeared healthy
were also submitted .to test for the presence of disease. This was achie\}ed by plating
pieces of plént tissue onto a selective medium, Peptone PCNB agar (Nash and Snyder,
1962, and later modified by Nelson et al. (1983). Fungi, which resembled Fusarium spp.,
were transferred to Spezierller Nahrsstoffarmer agar (Nirenberg, 1976) and these colonies
were examined microscopically and identified. At the end of the nursery raising period,
all remaining plants were counted to determine the effectiveness of the disease control

measures before planting.

The stem diameter and height of all plants in trial 2 were recorded the day before field
planting commenced. This was done in order to determine the effect of the nursery
treatment on plant size and to compare plant size in the nursery with subsequent field

survival and growth.

Trees in both trials were assessed for survival at 30, 90, 180 and 360 days after planting.
Growth (height, ground level diameter and biomass index (GLD? x Height) was
calculated at 360 days.

Statistical Analysis

All data was subjected to an analysis of variance (ANOVA), using the Genstat 5, version
3.2% Statistical - Programme, to determine differences between treatment means.
Percentage survival data was calculated on a per plot basis and transformed using the

angular transformation prior to analysis. All least significant differences (LSD) were

determined at the p<0.05 level.
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Table 2: Site and trial information for trials 1 and 2

Trial Details Trial 1 Trial 2
Planting date 08/01/2001 01/03/2002
Location 30°19"25'E; 25%33"10'S | 30°37"25'E; 25°37"10' S
Altitude 1700 m.a.s.l 1400 m.a.s.l
 Mean annual temperature 148°C 15.7°C
Mean annual precipitatidn 775 mm 1174 mm

Previous species

Eucalyptus nitens

Pinus elliottii

plots

Pre-plant herbicide spray No Yes
Slash burnt Yes No
Trial design RCB design with split- 5x5 Latin Square with

split-plots

Whole-plot description

Fungicide, bio-control

agents or control treatment

Fungicide, bio-control

agent or control treatment

Sub-plot description

4 cutting families and a

Plant type (cuttings or

single seedling mix seedlings)
Number of replications 6 5
Number of treatments 7x5 5x2
Whole-plot size 35 trees 70 trees
Sub-plot size 7 trees 35 trees

11




RESULTS AND DISCUSSION
Nursery observations
Survival

In both trials, the pathogen Fusarium circinatum was consistently isolated from all dying
| plant material that was analysed. No pathogenic fung1 however, were isolated from
samples with a healthy appearance. From these findings it was assumed that F.

circinatum was the main cause of mortality of the dying plants.

‘Although F. circinatum was not isolated from healthy plant material this pathogen is
regularly isolated from P. patula plant material with a healthy appearance from nurseries
in South Africa (T. A. Coutinho, pers. corﬁm., 2003). Other studies have shown that
conifer seedling roots can be infected with F. circinatum (Gordon et al., 2000) and
pathogenic strains of F. oxysporum (James et al., 19'87; 1988) without showing signs of
disease. It is thus possible that in South Africa, many asymptomatic P. patula plants are
being dispatched on a daily basis, and these undetected nursery infections could be

contributing to the mortality experienced after planting.

The application of Benlate in the nursery increased survival of the cuttings compared to
the control (standard nursery water and fertilizer treatment) (Figure 1). The application
of 7. harzianum did not increase cutting or seedling survival. When comparing plant
types, it was observed that far poorer survival occurred in the cutting material of the
control and T" harzianum nursery treatments. Past data has shown that field survival is,
on many occasions, poorer in pine cuttings compared to seedlings for reasons not fully
understood (Bayley and Blakeway, 2002). It has been suggested that cuttings are more
prone to disease infection as a result of the wound created when ashoot material is
harvested. Fusarium circinatum is a pathogen that is reported to require an entry port

befofe infection can take place (Kuhlman et al., 1982).
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Figure 1: The effect of 7. harzianum and Benlate applications on plant survival in
the nursery in trial 2. Treatment means significantly different from one another are

indicated by a different letter (P<0.05).

Growth

Plant dimensions, measured at the time of planting in trial 2, indicated that the application
of Benlate during the nursery-raising period significantly increased plant height (Table
3). This observation has been reported previously (Barnétt et al., 1988; Allaniet al., 2000)
and suggests that if potential pathogenic activity can be controlled, increased resources
can be allocated to growth. The application of 7. harzianum inhibited plant growth
compared to the control in this trial. It has been reported that high concentrations of 7.
harzianum may be inhibitory to plant growth (Laing and Morris, 2001) indicating that the

bi-monthly rates applied may have been too frequent or that the concentration may have

been too high.
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Table 3: The average plant dimensions at planting (350 plants per treatment) in

trial 2
Plant size at planting All Plants
Root Collar Diameter Stem Height (mm) Root Collar| Stem
(mm) Diameter Height
Description | Cuttings Seedlings Cuttings Seedlings - (mm) (mm)
| Benlate 2.74 2.50 162.34 146.49 262 154.41
T. harzianum 2.60 2.32 137.11 93.29 2.46 115.20
Control 2.56 2.49 137.29 106.20 2.53 121.74
LSD 0.152 | 8.805

Field Observations
Survival

In both trials, the best survival was achieved with the application of Benlate (Tables 4
and 5). In comparison to the control, however, the application of Benlate was not
significant at the p<0.05 level, and furthermore, this response diminished over time. In
the first trial the greatest response from Benlate was from field application whilst in the
second trial Benlate performed equally when applied in the nursery or in the field. This
may be as a result of the greater number of nursery applicatibns during the nursery
raising period for trial 2 (10 compared to 3 in trial 1) and over a longer period (5 months

compared to 3 weeks).

The response to the biological control treatments was less satisfactory. The B. subtilis-
treated plants resulted in very poor survival in trial 1 and this treatment was subsequently
omitted from trial 2. In both trials, there appeared to be an initial positive response to the
application of T: harzianum in the field compared to the control, élthough similarly to the
Benlate treatment, this was not found to be signiﬁcant. at the p<0.05 level. In trial 2, the

initial porsitive response to the I° harzianum application in the field diminished rapidly

14



after 180 days and this treatment ranked the poorest at 360 days. This treatment,
however, remained the second best ranking treatment in trial 1. The application of 7.
~ harzianum in the nursery did not appear to have a positive influence on field survival, and
similar to the field application, this treatment produced dissimilar results measured at 360
days in the 2 trials (Tables 4 and 5). This highlights the often unpredictable response that

can be obtained when working with biological agents.

Table 4: The survival percentage measured per whole-plot treatmeht since planting

for all plants in trial 1

Whole-plot treatment 30 Days 90 Days 180 Days 360 Days
Control 852 (72.6) | 67.1 (58.1) | 61.4 (54.1) | 57.1(50.1)
Benlate in nursery 88.1 (75.3) | 72.9 (62.5) | 64.8 (55.6) | 62.9 (54.4)
Benlate in field 91.9 (80.3) | 78.6 (68.2) | 70.0 (59.7) | 64.8(55.5)
B. subtilis in nursery 83.3 (70.5) | 65.2 (56.0) 562 (49.4) | 48.1(43.5)
B. subtilis in field 88.1 (77.0) | 68.6 (57.4) | 61.9 (52.3) | 57.6(49.7)
T. harzianum in nursery 86.7 (73.9) | 60.5 (52.9) | 54.3 (48.7) | 48.6 (44.6)
T. harzianum in field 90.5 (77.3) | 76.2 (64.1) | 69.5 (58.9) | 63.8 (54.4)
LSD (9.277) (11.14) (11.65) (13.00)

(Italisised values in parenthesis represent transformed means using the angular

transformation)
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Table 5: The survival percentage measured per whole-plbt treatment since planting

* for all plants in trial 2

Whole-plot treatment 30 Days 90 Days 180 Days 360 Days
Control 97.7 (84.0) | 87.1 (69.4) | 83.1 (66.2) | 59.1(50.5)
Benlate in nursery 97.1 (85.0) | 93.4 (78.5) | 914 (77.3) | 60.6 (51.4)
Benlate in field 99.1 (87.1) | 95.1 (78.3) 9_2.9 (75.6) | 62.0(52.2)

| T harzianum innursery | 97.7 (82.4) | 86.3 (68.8) | 82.3 (65.8) | 574 (49.3)
T. harzianum in field 98.3 (85.9) | 90.9 (74.2) | 89.4 (72.7) | 52.9(46.4)
LSD (5.28) (7.12) (8.02) (10.31)

(Italicised values in parenthesis represent transformed means using the angular

transformation)

At 360 days after planting two cutting families were found to show significantly better
field survival than the seedling treatment in trial 1 (Table 6). This highlights that
breeding with families, observed to be more tolerant to pathogens, may be a tool in
overcoming poor survival in the field in the longer term. Cutting survival was as good as
seedling survival in trial 2 (Table 7). The comparatively good survival of the cuttings,
particularly in trial 1, is encouraging, as this phenomenon is not commonly observed on
an operational scale. The reason for the better cutting survival may be as a result of better
care received when handling and pianting trial material. This highlights the need for

further research in this area.
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Table 6: The survival percentage measured per sub-plot treatment since planting

acrbss all treatments for trial 1

Sub-plot treatment 30 Days 90 Days 180 Days 360 Days
Cutting family A 87.1 (73.8) | 66.7 (56.4) | 58.5 (50.3) | 54.4(47.5)
Cutting family B 88.8 (77.1) | 69.4 (58.4) | 59.5 (51.5) | 56.5(49.6)
Cutting family C 86.7 (74.3) | 72.4 (61.6) | 67.7 (57.7) 60.5 (52.6)
Cutting family D 91.5 (78.5) | 81.0 (69.5) | 73.5 (62.3) | 67.0(56.9)
Seedliﬁgs 84.4 (72.7) | 59.9 (53.5) | 53.7 (48.6) | 49.3 (45.0)
LSD (6.13) (6.91) (7.48) (6.72)

(Italicised values in parenthesis represent transformed means using the angular

transformation)

Table 7: The survival percentage measured per sub-plot treatment since planting

across all treatments for trial 2

Sub-plot treatment 30 Days 90 Days 180 Days | 360 Days
Cuttings 97.7 (84.1) | 90.5 (73.2) | 88.1 (71.1) | 58.9 (50.1)
Seedlings 98.2 (85.7) | 90.6 (74.5) | 87.5 (71.9) | 57.9(49.8)
LSD (3.83) 3.59 4.50) (4.43)

(Italicised values in parenthesis represent transformed means using the angular

transformation)

The positive response observed in survival when applying the fungicide in the nursery or
at planting,- and to some extent, applying 7. harzianum at planting, could be due to a
number of unknown factors. A current hypothesis is that the primary source of
pathogenic activity is in the nursery and pathogens are suspected of being transported on
asymptomatic plant material to the field at planting. If this is tfue,' then the positive
response to fungicide application either in the nursery -or the field is due to disease
elimination on the plant just before or at the time of pl.anting. If, on the oth.er hand, the

primary source of pathogenic activity is in the field rather than the nursery, it can be

17



assumed that either the residual fungicide from nursery applications, or the direct effect
of field application, is responsible for eliminating pathogens in the ﬁeld and improving
initial survival. Therefore, understanding where pathogens are most active, and whether
rasymptomatic plant material infected with F. circinatum is being transported to the field,

is crucial to determining appropriate disease management strategies.

Growth

Conﬂicting growth responses were observed at 360 days .in the two trials to the various
treatments applied. Plants treated with Benlate, particularly at planting, ranked the largest
in height, GLD and biomass index in trial 1 but not in trial 2. In trial 1, the Benlate
treatments were however only significantly larger than the trees treated with T.
harzianum in the nurée'ry and not the control (Table 8). During a routine check at
approximately 270 days after planting, it was observed that trial 2 had been severely
affected by accidental herbicide scorch, and it is suggested that this may have affected the

integrity of the growth data in trial 2.

Table 8: Average tree size per treatment measured at 360-days since planting in

trial 1
Treatment Height (cm) Ground Level Biomass index
Diameter (mm) | (GLD® x Height)

(cm)
Control 73.79 16.83 269.6
Benlate in nursery 77.44 17.49 _ 297.1
Benlate in field 76.72 : 18.01 - 314.8
B. subtilis in nursery 68.77 16.08 244.3
B. subtilis in field 71.39 16.26 ' 252.0
T. harzianum in nursery 64.48 14.45 184.4
T. harzianum in field 72.05 16.80 273.3
LSD ! 10.310 : 2.231 76.41

18



CONCLUSIONS

These trials indicate that initial post-planting survival of P. patula cuttings and seedlings
may possibly improve by the application of prophylactic treatments highlighting that
pathogenic activify is contributing to mortality. Overall survival for all treatments
including the best ranked treatment (Benlate applied in-field) was unacceptably poor
suggest that once the efﬁcacy of a prophylactic treatmént wears off, young treeé may
succumb to disease. vBenlatevwas also observed to increase plant height in the nursery,

and produced trees that ranked the largest at 360 days in the field in one trial.

The application of the biological control agents proved less successful than the Benlate
treatment. The strain of Trichoderma harzianum tested had some effect on improving
early field survival if applied at the time of planting but produced conflicting results in
the two trials. The application of the Bacillus subtilis strain had no positive influence on

field survival.

Differences in family survival in the cuttings in trial 1 allude to the possibility that a long-
term solution to the problem, and a way of reducing the need for applying prophylactic
measures at planting, may be attained through breeding with families more likely to

achieve good survival.

Lastly, it was encouraging to note that in both trials, cutting survival was either as good
as or better than seedling survival. This is not commonly observed among operational
plantings and indicates that successful forest reestablishment with P. patula cuttings is

possible. It also indicates the need for further research to be carried out in this area.

19



ACKNOWLEDGEMENTS

We wish to thank the following people for their contribution to these trials

1.

ii.

iil.

Dr. Helga Dugatat, of Dagutat Biolab, for generously sponsoring the biological
control products teéted, |

The Escarpment and Ngodwana Nursery Managers, Mr. L. Williams and Mr. M
O’Donovan, for their assistance in providing the required plant material and
nursery spacé, and | |

The .students and Ms Riana Jécobs, working at the diaghostic clinic of the Tree
Pathology Cooperative Programme, for isolating and identifying the pathogens

responsible for mortality in the nursery from the dying material submitted

20



Chapter 11

Alternatives to Benomyl fungicide for controlling Fusarium

circinatum: results from in vitro studies

ABSTRACT

Recent evidence indicates that the pathogen Fusarium circinatum is contributing
significantly to mortality in newly established Pinus patula seedling and cutting stands in
South Africa. In each of these studies the application of a fungicide éontaining the active
ingredient, Benomyl, appeared to improve survival and in one study the biological
control agent, Trichoderma harzianum, improved survival for the first 90-days after
planting. Benomyl, however, has been classed as a hazardous chemical and its use in
certified forest operations has been prohibited. This has necessitated determination of
safer, alternative chemicals, and exploration of biological agents on controlling F.

circinatum in the nursery and at planting.

Laboratory studies on the colony growth of two South African isolates of F. circinatum
on half-strength potato dextrose agar (PDA) medium supplemented with nine alternative
chemicals reported to control pathogens, and the biological control agent, Trichoderma
harzianum, indicated that several chemical products and the biological agent,
significantly controlled the growth rate of the pathogen, in vitro. Testihg the effectiveness
and phytofox;'city of these products in vivo, however, remains essential _.before they can be

recommended for operational use.
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INTRODUCTION

Since it was first identified, in 1990, in a single nursery on dying P. patula seedlings
(Viljoen et al., 1994), F. circinatum has become a serious threat to most pine producing
nurseries in South Africa. In addition to nursery losses, recent indications suggest that
this pathogen is now causing mortality in newly established seedling and cutting stock,
suggesting that the problem is no longer confined to the nursery (Allan et al., 2000;
Crous, 2004; Mitchell et. al., 2004b; Rolando and Little, 2004).. Morgover, plénts appear
free of any diséase symptoms at planting indicating that they are either carrying the
pathogen in a cryptic form from the nursery to the field, or that they are infected from
other sources in the field. Currently, the former theory is the more popular belief amongst
South African forest researchers and nurserymen and the approach in controlling this
pathogen has been to combine the responsible use of chemicals whilst applying strict
hygiene measures in the nursery. There is, however, insufficient knowledge on which
chemicals are most suited to controlling F. circinatum that can simultaneously be
described as being environmentally safe. Alternative control, using biological agents, has
already been shown to be effective on F. circinatum using strains of Arthrobacter
(Barrows-Broaddus et al., 1983) and other studies indicate strong inverse relationships
between the amount of naturally occurring Trichoderma and Fusarium species found on

Douglas-fir seed (James et al., 1987).

The aim of this study was to identify alternative chemicals to those containing the active
ingredient Benomyl, and to test the effectiveness of a single strain of Trichoderma
harzianum (strain Kd) developed by Prof. Mark Laing at the University of KwaZulu
Natal, in cdntr_olling F. circinatum. To eliminate the unexplained variation that can occur
in vivo, and to avoid the dangers associated with inoculating plants with F. circinatum in
the nursery environment, it was decided to test the products under controlled conditions

in the laboratory before conducting any further tests in the nursery or field.
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METHODS
Materials and media

The first trial was carried out on the 14/01/2004 to test for antagonistic effects of
T.. harzianum on F. circinatum, and the second trial was initiated on the 30/08/2004 to
test the effect of ten chemicals (including Benomyl) on controlling the rate of colony
growth of F. éircinatum. In each case, two South African F. circindtum strains (3577. and
3579) were used. These were provided by Forest and Agricultural Biological Institute
(FABI) at the University of Pretoria, where the trials were conducted. The F. circinatum
and 7. harzianum isolates used in the trial were cultured on five 65 mm diameter Petri
dishes containing half strength potato dextrose agar (PDA) media (24 g I'' PDA, 1 g I

glucoseand 1 g I! yeast extract) one week before each trial was initiated.
Biological control trial

The method developed for testing the impact of 7. harzianum on several other plant
pathogens (Bell et. al., 1982) was used in this study. A 5 mm diameter plug, containing
expanding colonies of T’ harzianum hyphae, was removed from the edge of the actively
growing culture and placed approximately 1 cm from the edge of a separate Petri dish
containing PDA medium. Similarly, using one of the F. circinatum strains available, a S
mm diameter round plug was removed from the actively gréwing culture and placed
directly opposite the 7. harzianum sample, approximately 1 cm from the inside edge of
the Petri dish. The process was then repeated on a separate plate selecting the second F
circinatum strain. In this way two paired cultures were created each containing one
sample of a single F. circinatum strain and a one sample of the 7. harzianum strain
opposite one another. The trial was replicated 5 times. At the same time as the trial was
initiated, a 5 mm diameter plug of_ each F. circinatum strain and the 7. harzianum was
placed onto three separate Petri dishes to compare their uninhibited growth with that of

the paired cultures for visual observations only.
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The paired cultures were then incubated at a constant temperature of 25 °C for a period of
7 days under 24 hour white florescent light before being assessed. It was decided to use
the scoring system previously reported by Bell ez. al. (1982) to assess the effectiveness of
T. harzianum in controlling pathogen growth where the degree of antagonism was scored
from 1 to 5, where: 1 = T. harzianum completely overgrew F. circinatum; 2 =
T harzianum colonized at least two-thirds of the medium surface; 3 = 7. harzianum and
F. circinatum each colonized approximately one half of the medium surface and neither
appeared to dominate the other; 4 = F. circinatum colonized at least two thirds. of the

medium surface; and 5 = F. circinatum completely overgrew 7. harzianum.

Once the paired tests had been assessed, cultures were placed in a fridge at 2 - 4 °C to
prevent further growth until they were transported on the 12/02/04 to the University of
KwaZulu-Natal in Pietermaritzburg to study the zone of interaction (interface region)
between the 7. harzianum and each F. circinatum strain using the scanning electron
microscope (SEM). Specimens were prepared for viewing in the following manner;
Several 5 mm diameter samples were removed from the interface region and all excess
agar medium was removed from the base of each specimen without damaging the hyphae
mass. Specimens then underwent chemical fixation in 3% glutaraldehyde and 0.05M
sodium cacodylate buffer overnight to preserve cell structure. Once fixed, specimens
were rinsed twice in 0.05M sodium cacodylate buffer and then dehydrated using the
critical point drying (CPD) technique where the specimen is subjected to increasing
concentrations of alcohol (30, 50, 70, 80, 90 and 100% for 10 minute durations). This
was followed by immersion in liquid CO, (1 hour) in a CPD apparatus. Several flushes of
~ fresh liquid CO; ensured that all the alcohol was replaced with the liquid CO,. The liquid
CO; was then gradlially heated under pressure and once the critical point had been
. reached (74 Kgf/cm2 and 31 °C) the CO, gas was very slowly removed from the
apparatus. Lastly, specimens were mounted and rendered electrically conductive by
means of sputter coating where a gold-palladium target was bombarded with molecules
of argon gas and a fine layer of gold:palladium was released, coating thé specimen

(Bruton, 2003). Prepared specimens were then viewed under the SEM [(Phillips XL 30
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ESEM) (high vacuum mode at 15 kV and spot size 4)] and relevant images captured for

interpretation.
Chemical control trial

Ten chemicals (including Benomyl) were tested in the secornd trial (Table 1). All of the
chemicals, with the exception of Bulab® 6044 (12% sodium hypochlorite), were chosen
because of their réported effect on controlliﬁg various plant pathogens >and each differed
in active"ingredient. Bulab® 6044 is registered for use as aﬁ oxidizing microbicide to
control algae and bacterial growth and is cu.rrently applied, at a rate of 1%, to sanitize
implements, walkways and the growing environment in the Sappi Ngodwana nursery. It
was included in this trial to test its effectiveness in this application. For the nine other
chemicals tested, each can be administered as a drench, directly over plants during the
growing period. In most cases, these chemicals have been applied from time to time at
the Ngodwana nursery at a standard rate of 0.1% (1 g or 1 ml combined with one litre of
irrigation_ water) with no observed detrimental effects to the plants, such as needle
discolouration or stunting. It was decided, therefore, to test rates of 0.05% (half strength),
0.1% (standard strength) and 0.2% (double strength) in each of the 9 plant products, and
0.5%, 1% and 2% for the industrial grade sodium hypochlorite used.
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Table 1: A description of the products and their characteristics tested in the trial

Trade name Active ingredient (concentration) | Description | Appearance | Toxic evaluation Cost
| Described as minimally hazardous with LDs, of 10,000 on
rats (dermal and oral). Is very toxic to fish and earthworms, R67.86 —
Benomyl 500 WP® | Benomyl (50%) Fungicide Powder however and has been listed as a possible hazard to the R77.51
: ' mammalian reproductive system. Persistence in soil of 90 - (per kg)
180 days. _
Harmful if swallowed. Irritating to skin and can cause serious R151.34 —
Folicur EW 250° | Tebuconazole (25%) Fungicide | Liquid damage to eyes. The toxicity on rats is 1,650 mg/kg (oral) | g 66 34
: and >5,000 mg/kg (dermal). Severely irritating to mucous (per litre)
membranes of rabbit (Bayer, 2000). P
Not classified as hazardous with LDs, rating on rats 2,700
®© : mg/kg (oral) and >2,000 mg/kg (dermal). May cause slight R376.13
Octave™ . Prochloraz manganese (50%) Fungicide Powder skin and eye irritation. May cause gastro-intestinal irritation ) k
and possible liver damage. Persistence of 92 to 171 days in (per ke)
soil (Aventis Cropscience, 2000a).
Not classified as hazardous with LDs, rating on rats
. approximately 4,000 mg/kg (oral) and 4,500 mg/kg (dermal).
Previcure - N® férgps"},}:‘)"carb hydrochloride Fungicide | Liquid Not irritating to rabbit skin with slight, reversible irritant to | R333.84
' ' rabbit eyes. Persistence of 10 to 27 days in soil (Aventis
Cropscience, 2000b). _
Classified as a hazardous chemical with LDs, rating on rats
' ® _ >2,000 mg/kg (oral) and >4,000 mg/kg (dermal). May cause R124.79
Tilt 250 EC Propiconazole (25%) Fungicide Liquid lung damage if swallowed and is irritating to skin and eyes. ) I: )
Very toxic to algae and toxic to fish and Daphnia (Syngenta, (per litre)
2001).
Citric acid (3%), lactic acid (3%), Recognized as safe. Can be used in animal feed and drinking
o ascorbic acid (3%), sodium water to control internal parasites. Large amounts ingested R550.00
Citrex” chloride (1%), ammonium Sterilant Liquid may be harmful. No harmful effects to skin. Contact with l:t )
hydroxide and ammonium eyes may cause irritation. Persistence of less than 14 days in (per litre
propionate (1%) the soil (Citrex, 2000 and Venter, pers. comm., 2004).
® . . o - . Corrosive to skin, eyes the nose and throat. Very toxic to fish. | R4.50 (per
Bulab 6044 Sodium hypochlqnte (12%) Sterilant Liquid Persistence is less than 5 days (Buckman Laboratories, 2000). | litre)
. . : R20.50 -
Koppersprey® Copperoxyichloride (50%) Sterilant Powder LDso ratmg (?f 1.’400 me/kg. (?ontact with the Skl.n and eyes R43.32
can cause irritation. Very toxic to fish and aquatic organisms. (per kg)*
Polymetric biguanide Very low toxicity in.rats with a LDsg rating (?f 2.0,000 mg/kg R75.50 —
Prasin Agri® hydrochloride and quaternary Sterilant Liquid (oral). Pro-lo.ngefd skin contact may cause Jmtatl'on and may R85.00
. ammonium (7%) cause eye irritation. Very.tox1c to fish and aquatic (per litre)
invertebrates (Prasin Agri, 1999).
Very low toxicity with a LDsg rating of >4,000 mg/kg (oral)
' N,N - Didecyl N,N — in rats. Contact with the skin may produce slight irritation R61.53 -
Sporekil® dimethylammonium Chloride Sterilant Liquid and direct eye contact will cause severe irritation. May cause | R64.71
(12%) burning pain in the mouth, throat and abdomen (Hygrotech, (per litre)

|
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While the PDA was still in a liquid state (= 70 °C) the exact quantity required for making
up each treatment was dispensed using a Jencons Perimatic calibrated liquid dispenser
and the chemical products added at the specific rates. After the products were thoroughly
mixed, the medium was poured into Petri dishes and allowed to solidify at room
temperature overnight. The following day a 5 mm diameter plug of F. circinatum culture
was placed iin the centre of each Petri dish containing the treated media. A single strain of
the inoculum was placed in the centre of each plate containing the chemical treatment and
the trial was replicatedv 3 times. In order to compare the efficacy of chemical treatments
against a control, the two strains were also plated onto PDA media containing no added
chemical and replicated 3 times. The trial was, therefore, designed as a 10 x 3 x 2
factorial (10 products x 3 rates x 2 strains) with an additional control treatment containing

no chemicals.

Cultures were sealed and left to incubate for a period of 7 days at room temperature
before being assessed for colony growth. Assessments were carried out by calculating the
average colony development after measuring diameter growth in two opposite directions.
The size of the original 5 mm plug was subtracted from the diameter assessments in order
to analyse new growth only. Data was subjected to an analysis of variance (ANOVA)
using the Genstat 5, version 3.2% statistical program and all least significant difference

(LSD) values were calculated at the p<0.05 level of significance.

Due to the fact that the treated cultures were tested at 3 rates and the untreated culture
was tested at the single control rate the data was unbalanced. A dummy variate (contrast)
was, therefore, introduced to identify those cultures that were grown on tre>ated media and

the treated cultures were then compared with the control.



RESULTS AND DISCUSSION
-Bioldgical control

The T. harzianum strain, grown in the visual control, rapidly colonized the entire medium
surface by day 7 (Figure 1) compared to the slower growing F. circinatum strains
(Figure 2). When the paired cultures were assessed the 7. harzianum strain had occupied
almost the entire surface of every Petri .dish in the trial and severeiy restricted the growth
of fhe two F. circinatum strains. Each plate was, therefore, scored a value of 2 (Figure
3). In one or two cases the 7. harzianum had started to grow over the F. circinatum
colony but as the F. circinatum was not completely overgrown, a score of 1 was not
given. It was therefore unnecessary to apply statistics to the data and it can be reported
that the 7. harzianum strain was visibly highly antagonistic towards F. circinatum on
PDA medium. In the study conducted by Bell et al. (1982), paired cultures were left to
incubate at room temperature (approximately 26 °C) for a period of 5, and not 7 days.
Assessing the cultures after 5 days may have allowed for a better assessment as the
growth of the cultures could probably have been more easily measured and analysed
before the entire medium surface had been colonized. It is doubtful, however, that the

results of the analysis would have resulted in a different conclusion.

Studying the interface region of the two fungi under SEM revealed that in areas where
the T. harzianum hyphae dominated, the broader and somewhat darker, F. circinatum
hyphae had collapsed and their walls were no longer clearly defined compared to the
lighter, thinner, 7. harzianum hyphae. Fusarium circinatum conidia (spores) were also
completely absent at this region whereas 7. harzianum conidia were found in abundance
(Figure 4). This indicates that T.. harzianum not only slowed down the rate of F.
circinatum growth, but was also able to promote its own growth despite the presence of
the pathogen. After a few more days it was observed that the 7. harzianum hyphae had
completely overgrown the pathogen and that the F. circinatum culture was visibly

disintegrating.
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Figure 1. Trichoderma harzianum (strain Kd) grown at 25 °C for 7 days on half
strength PDA medium

Figure 2. Fusarium circinatum (strain 3577) grown at 25 °C for 7 days on half
strength PDA medium
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T. harzianum

Figure 3. Paired culture of F. circinatum (strain 3577) and T. harzganum (strain
Kd) grown at 25 °C for 7 days on half strength PDA medium

- lk_, s
Actively growing
| T. harzianum hyphae

Collapsed F: circinatum
hyphae

Figure 4. Interface region between T. harzianum and F. circinatum under the
scanning electron microscope
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Chemical control

The results of the ANOVA on the chemicals tested to control F. circinatum, in vitro,
indicate that on average, the cultures grown on PDA medium treated with chemical
products grew significantly slower than those grown on untreated PDA medium. Within
the treated cultures, however, there were significant differences indicating that some
products Were more effective than dthers (Table 2) and that several of these were found
to be as effective as Benomyl (Figure 5). With each product tested, increasing
concentrations brought about a further reduction in colony growth, and the mean of each

application rate was found to differ significantly from the other and from the control

(Figure 6).

The significant interaction between product and strain, and rate and strain (Table 2),
highlights the importance of including several strains in such studies. For example, with
the exception of one treatment in this trial, strain 3579 always colonized the medium
surface faster than 3577, and by doubling the application rate, better control was achieved
on the growth of 3579 with some products. It would be prudent, therefore, to determine
the dominant strains inhabiting the nursery environment before conducting such trials,

and to test products on several dominant strains.
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Table 2. An ANOVA table showing the contrasts performed on the colony growth
(diameter) data in response to chemical treatments (type and rate) of the Fusarium

circinatum strains.

Source of variation d.f. - s.s. nm. s. V.T. Fpr.
Rep 2 52.88 26.44 2.15 =0.121
Contrast Untreated vs. Treated 1 5129.66  5129.66 414.71  <0.001
Contrast.Product | 9 2993652 332628 27021  <0.001
Contrast.Rate 2 ~3349.82 167491 136.06 <0.001
Contrast.Strain 2 802.20 401.10  32.58 <0.001
Contrast.Product x Rate 18 485536  269.74 2191 <0.001
Contrast.Product x Strain 9 594.17 66.02 5.36 <0.001
Contrast.Rate x Strain 2 95.12 47.56 3.86 =0.024
Contrast.Product x Rate x Strain 18 386.72 21.48 1.75 =0.040
Residual s 122 1501.80  12.31

Total 185  46704.25

Colony growth (mm)

Figure 5. Mean colony growth (mm) of F. circinatum on PDA medium containing 10
chemical products repofted to cqntrol pathogens. (Treatment means indicated by

different letters are significantly different ét the 5% level).
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Colony growth

Figure 6. Mean colony growth (mm) of F. circinatum on PDA medium containing 10
products at half, the current, and double the standard rate applied in the nursery.
(Treatment means indicated by a different letter are significantly different at the

5% level).
Fungicides

The fungicides most comparable with Benomyl in controlling F. circinatum in this trial
were Octave® (prochloraz manganese), Folicur® (tebuconazole) and Tilt® (propiconazole).
Of these three, Octave® poses the least risk to the environment (Table 1) and should
therefore be included in future trials to determine whether phytotoxic effects exist and
whether the product is effective in vivo.” Although this product poses less danger to
humans ahd the environment compared with the others, a report has indicated that 8;
mbnth-old trees were stunted after receiving an application of 2 g (active ingredient) of a
similar prochloraz-based product (Sporgon®) per seedling at planting (Allan et al., 2000).
This indicates that high amounts of this chemical may be phytotoxic to ym_ing plants. Tilt,
although burrently still an accepted fungicide is several times more toxic than Octave®. If

this product is to be tested for future use it should be done so on the understanding that it
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may only be available for a limited period of time. Folicur® is less toxic than Tilt* (Table

1) and may prove to be a useful alternative.

Previcure® (propamocarb hydrochloride) had the least influence of all the products tested
on reducing hyphae growth. This carbomate fungicide is probably the least toxic of the 4
alternative fungicides tested and has a very short half-life (Table 1). Future testing of this
product should be reserved for use on other nursery pathogens, and if found to be
effective, its low toxicity level would favour its applicatidn. The future use of Previcure®

on F. circinatum, however, should not be explored any further.
Sterilants -

The sterilants Citrex® and Sporekill® proved extremely effective in reducing growth at the
standard rate currently applied in the nursery. Citrex® is the least toxic of all the products
tested. This product is recommended in animal feed and drinking water to control internal
pathogens (Citrex, 2000). Compared with the control the copper oxychloride and Prasin®
treatments proved very effective in controlling growth at the rate of 0.1%, although they
were only as effective as the Citrex® and Sporekill® if their dose was doubled (Table 3).
The low toxicity levels of Prasin®, however, will favour the continued evaluation of this
product in future tests. Products containing copper are not advised due to their persistence
as a heavy metal in soils and the toxic effects on fish and aquatic organisms. Bulab® 6044
was the least effective of all the sterilants tested and was only found to be comparably
effective at a 2% rate of application. At this rate, however, the product was noted to
exhibit an extremely strong smell and had a severe bleaching effect on the PDA medium

rendering it completely colourless.

It has been reported that sterilants such as Prasin® and Sporekill®, are more effective in
controlling spore germination than on reducing colony growth (Nel and Viljoen, FABI,
pers. comm., 2004). In trials conducted at the Forest and Agricultural Biological Institute
(FABI), based at the University of Prétoria, these two products showed apparent excellent

control in reducing spore germination rates of both F. circinatum and F. subglutinans f.
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sp. cubensi (Panama wilt) in liquid suspension media (Nel and Viljoen, FABI, pers.
comm., 2004). The value of these products in controlling F. circinatum may, therefore,
not have been accurately determined using the techniques applied in this trial and tests on

these products should be repeated using the techniques adapted by FABL.

Table 3: The interaction between product and application rate on colony growth of

the two Fusarium circinatum strains tested.

Product Colony growth (mm) at various application rates.
Half Standard Double

Octave® 0 0 0
Benomyl® 0.36 0 0
Folicur® 0.64 0 0
Tilt® 1.45 0.97 0
Citrex® 9.95 5.29 0.83
Sporekill® 12.58 8.74 3.01
Copper® 18.21 15.81 - 6.96
Prasin® 29.24 22.35 13.04
Bulab® 51.98 32.91 7.39
Previcure® 43.16 35.93 30.98
~Control 41.45
LSDy o5 4.010

CONCLUSIONS

The two laboratory studies indicate that suitable alternatives to the prohibited fungicide
Benomyl may exist for further study in vivo. The biological agent, T. harzianum (strain
Kd), was highly antagonistic towards F. circinatum. The fungicides displaying the same

level of control as Benomyl were Octave®, Folicur® and Tilt®. Of these three products,
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Folicur® and Octave® are less toxic and should be regarded for further tests. The
sterilants, Citrix®, Sporekill® and Prasin® ranged from excellent to good control and,
although not as effective as Benomyl in vitro, can definitely be recommended for future
“testing in vivo due to their low residual toxicity levels in the environment. This is

especially true for Citrex®.

Future trials should be designed to test the level of toxicity of these products on young
plants in‘ the nursery and for their effectiveness in controllihg F. circinatum m a soill
énvironment. This study was only able to compare the direct relationship between the
pathogen and a controlling agent. The nursery or field situation is more complex because
the controlling agent may interact with the host plant or environment with different

results.
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Chapter III

Shoot morphology and site climate affect re-establishment

success of Pinus patula in South Africa

Mitchell, R. G., Zwolinski, J. and Jones, N. B., 2005. Shoot morphology and site climate
affect re-establishment success of Pinus patula in South Africa. Southern African
Forestry Journal 205: 13 — 20.

ABSTRACT

Operational experience has indicated that Pinus patula generally survives poorly on sub-
optimal growing sites in South Africa, partipularly when planted as cuttings. This
observation will become increasingly important as softwood species of genetically
selected stock are deployed as cuttings in preference’ to seedlings of lower genetic value.
Methods to improve survival of this species are yet to be fully defined. Production of P.
?atula seedlings is currently based on broad prescriptions, which commonly include
raising containerised stock for 5 to 7 months in the nursery and limiting planting to the
early and late summer months. Litﬂe research has been conducted. on determining
optimal plant diniensions at planting or deﬁning’sites that are of high or low planting risk.
This paper describes some effects of site climate and shoot morphology on post-planting
survival and is the first to provide suggested guideline dimensions for P. patula cutting
and seedling nursery stock raised in containers, 80 — 90 ml in volume. Further work is

reqtiired to establish the validity of these dimensions.
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INTRODUCTION

Creating conditions that will be conducive to maximum survival of new plantings is
essential in optimizing site potential. This becomes increasingly important when
improvements are made to the genetic potential of the material planted. Poor survival of
improved material will negate the breeding and production efforts inputted prior to

planting to improve the yield from the site.

The most important softwood species planted in South Africa is Pinus patula (Bester et.
al., 2000). Local research efforts on the factors affecting the re-establishment success of
this species indicates that post-planting temperature (Morris, 1991), disturbance to the
roo;[ system before planting (Morﬁs, 1993), and pests and diseases (Atkinson, 1997;
Allan et. al. 2000; Crous, 2004) contribute significantly towards a reduction in field
survival. It has been acknowledged, however, that little is known about defining quality
of containerised plants in South Africa especially with cuttings (Zwolinski and Bayley,
2001). The limited research has been condu.'cted on seedling quality and this suggests that
younger aged seedlings survive better than older, root-bound plants (Morris, 1994). From
this and other wbrk, it has been proposed that P. patula seedlings should be grown for.5
to 7 months if ra_ised in containers 80 ml in volume (Zwolinski and Bayley, 2001). Such
prescx_‘iptions, however, do not include the optimal size for optimal aged seedlings or the

effect of plant size under different site conditions.
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During the 2002/3 planting season, four trials were conducted to test the effect of
fungicide application at planting on survival rate. The results, however, indicated that
fungicide application had no influence on field survival (Mitchell and Jones, 2005)
suggesting that factors, other than disease, were influencing survival in these trials. Using
nursery measurements obtained prior to planting and climate data obtained from the field
during the first year after establishment for each of the four trials, the authors aimed to
investigate the effect of site climate and shoot morphology at planting on the re-

establishment success of these trials.

MATERIALS and METHODS

The four trials used in this study were planted at two sites that differed in expected
rainfall and temperature. The two sites were planted one month apart at the end of the
softwood planting season, which generally extends from October to April. At each site
cuttings and seedlings were planted in separate trials adjacent to each other. Each trial

consisted of 3000 plants. The details of the trial sites are shown in Table 1.
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Table 1. Trial sites and planting details

—

—

Plantation name Helvetia Driekop
, 25°33'10" S 24°54'48" S
Location (Grid reference)
30°19'25"E 30°49' 10" E
Nearest town Waterval Boven .| Graskop

Planting date

06/03/2003 (cuttings)

08/04/2003 (cuttings)

08/03/2003 (seedlings) 10/04/2003 (seedlings)
Elevation 1700 m 1440 m
Mean annual temperature 14.8 °C 15.9°C
rMea.nl annual precipitation 775 mm 1233 mm
Previous species Pinus patula Pinus patula

Slash management

No burning, slash distributed

No burning, slash distributed

Weed control

Pre-plant chemical spray

Pre-plant chemical spray

Planting density

3 mx 2 m (1667 stems/ha)

3 mx 2 m (1667 stems/ha)

Nursery procedure

The cutting material used in the trial series was obtained from the Komatiland Forests

nursery, near Sabie. The material was transferred to the Sappi Forests nursery, at

Ngodwana, soon after rooting where it was raised adjacent to seedling material obtained

from the Ngodwana nursery. The cutting material comprised two open pollinated families

selected for improved growth. The plants in the nursery received the same treatment
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consisting of daily watering and two applications of soluble N:P:K fertiliser a week, at a
rate of 1%. Fertiliser applications alternated between Hortichem Orange® (2:3:2 (42)) and
Hortichem Blue® t5:2:4 (43)). Plahts were raised in containers that were used
operationally for each plant type. Cuttings were produced in the Unigro 98 tray consisting
of square-shaped cavities, 90 ml in volume. The seedlings. were raised in the Sappi _49
tray with round-shaped cavities, 80 ml in volume. Both containers included root trainers
(raised internal ridges) to prevent root spiraling aﬁd did not possess root-pruning side-
slits. The cuttings were raised for a period of 8 and 9 months, and the seedlings for a
period of 6 and 7 months, before planting. These periods were considered optimal for

“each plant type.

Prior to planting, all plants were assessed for nursery root collar diameter (RCD) to the
nearest 0.01 mm and height (Ht) to the nearest 1 cm. From these two measurements, a
sturdiness ratio (SR) was derived by dividing Ht (mm) by RCD (mm). When the
seedlings were two~months-old, the number of cotyledons (first set of needles to appear
aﬁer germunation) per seedling was recorded. A record of the individual plant
characteristics assessed was maintained for each plant planted in the trial as well as its

p'osition in the field.

Field monitoring

Site climate was monitored hourly by recording temperature and relative humidity for the

first 12 months after planting 'using a Hobo® logger (Onset Computer Corporation)
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positioned at chest height (approximately 1.3 m) above ground level at each site. The
logger was housed in an especially demgned well ventilated pole and was reported to be
accurate to within 0.5 °C of the temperature recorded in a standard Stevenson screen (S.
Dovey, ICFR, pers. comm., 2005). Rainfall was recorded daily at the plantation office
located close to each trial site. All trials were assessed for survival monthly. Plants were
individually assessed and recorded as being either dead or alive. The final survival

assessment was carried out at month 12.
Data analysis

Each of the four trials consisted of 120 plots planted to 25 trees. Survival was calculated
per plot as a percentage. In order to assess the overall effect of plant type, site and the
interaction between the two on survivél, the four trials were analysed together, using
analysis of variance (ANOVA). All survival percentages were transformed using angular
transformation, to normalize the data, prior to analysis using GenStat for Windows 5t

Edition.

Assessing the effects of shoot morphology on survival was carried out separately for each
trial. The 3000 plants within each trial were grouped according to RCD classes of 0.1
mm, Ht classes of 1 cm, and SR classes of 5 mm. Cotyledon number was grouped
according to the number of heedles counted (i.e. 4, 5, 6, 7 and 8). In each case, the plants
that were alive in month 12 were expressed as a percentage of those planted. To avoid

large deviances in survival due to an insufficient sample size, classes represented by
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fewer than 10 plants were grouped within the next class. Simple linear and quadratic
regression analyses were then performed on all survival data with RCD, Ht, SR and
| cotyledon number separately in order to determine the type of relationship that each may

have had on survival.

RESULTS

Site climate and plant type

Analysis of the transformed data from all four trials indicated that survival differences
between sites were.highly significant (p<0.001) by the end of 12 months since planting.
Differences in plant type (cuttings and seedlings) survival was non-significant (p=0.245)
although there was a significant plant type by site interaction (p<0.001), with the cuttings
performing slightly poorer on the Helvetia site and slightly better oﬁ the Driekop site

(Figure 1).
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Figure 1. Quarterly plant survival assessed for both cuttings and seedlings on the

two planting sites.

The monthly mean maximum temperatures recorded at the two sites were similar for the
first year after planting (Figure 2). Furthermore, extreme high temperatures determined by
the number of hours greater than 25 °C recorded in the first year after planting, were also
similar between Driekop (821 hours) and Helvetia (855 hours). Mean minimum
temperature, however, was lower at Helvetia (7.05 °C) compared with Dﬁekop (9.39 °C)
| and was also characterised by greater extremes during the winter months (May - August)
(Figure 2). The number of hours that the temperature dropped below 5 °C m the first year

after planting at Helvetia was 1031 compared with 454 at Driekop.
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Mean relative humidity was approximately 10% less at Helvetia (Figure 3) and, similar to
minimum temperature, was characterised by greater extremes. Humidity fell below 30% for
1781 hours at Helvetia, and for 661 hours at Driekop, during the first year after

establishment.

In the 5-6 months between the commencement of the planting season in October 2002 and
planting at each site, 643 mm of rain had fallen at Helvetia And 554 mm had fallen at
Driekop (Table 2). Rainfall for the first 12 months following. planting, however, was 684

mm at Helvetia compared with 1346 mm at Driekop. Moreover, the Driekop site continued
to receive rainfall during the winter months (May, June, July and August), whereas Helvetia

received either no or very little rain during these months of the year.
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Figure 2. Mean monthly minimum and maximum temperaturés for both sites for

the first 12 months after planting.
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Figure 3. Mean monthly humidity for both sites over the first 12 months.

Table 2. Monthly rainfall measured at both sites pfior and post planting.

Month Helvetia | Driekop |
October ‘02 94 119
November ‘02 74 44
December ‘02 178 93
January ‘03 153 109
February ‘03 144 127
March ‘03 36 181 |
April ‘03 8 17
May ‘03 1 23
June ‘03 6 65
July ‘03 0 14
August ‘03 6 8
September ‘03 6 55
October ‘03 45 70
November ‘03 | 101 94 |
December ‘03 158 124
January ‘04 161 218
February ‘04 157 304
March ‘04 79 355

|
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Shoot morphology

The resulté of the regression analysis of survival as a function of RCD, Height and SR
showed that these characteristics were significantly associated with survival (quadratic
relationship) on the site where sub-optimal survival was obtained (Helvetia) but were
non-significant at the Driekop site, where tree survival was significanty better (Table 3).

The effect of cotyledon number on survival was not significant at both sites.

Table 3. The results of the best fit (quadratic at Helvetia and linear at Driekop)

regression analyses of 12-month survival with shoot morphology.’

L

Seedlings —I Cuttings
Site Criteria measured
F prob R* F prob R?
Root collar diameter <0.001 0.73 <0.001 0.80
Helvetia '
Height <0.001 0.83 <0.022 0.24
(sub-optimal
Sturdiness ratio <0.001 0.78 0.001 0.58
conditions) :
Cotyledon number 0.433 0.00 NA NA
Root collar diameter 0412 0.00 0.141 0.06
Driekop
Height 0.338 0.00 0.156 0.06
(optimal
Sturdiness ratio 0.479 0.00 0.105 0.11
conditions)
Cotyledon number 0.458 0.00 NA NA

NA = Not applicable
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Root collar diameter at Helvetia

The survival relative to RCD of cuttings at Helvetia improved in a curvi-linear fashion up
to a diameter class of 3.2 mm, thereafter, the van’ation. in survival around the fitted model
increased (Figure 4). Seedling RCD classes on the other hand, displayed a parabola-
| shaped curve indicating when plants were either undersized or oversized (Figure 5). On
this site, the best survival rénge was achieved for RCD between 2.8 and 3.2 mm for

cuttings, and 1.8 mm and 2.2 mm for the seedlings.
Stem height at Helvetia

The relationship of cutting height on survival was not as significant as that of RCD
| (Figure 6). It was difficult to define optimal height for cuttings at the Helvetia site but it
would appear that cuttings above 7 cm in height survived better. The highly significant
quadratic reiationship between stem height at planting and survival for the seedling data
(Figure 7) indicated that height may be very important in defining seedling quality. The

optimal range extended from 10 to 15 cm in this case.
Sturdiness ratio at Helvetia
The strong relationship that existed between sturdiness ratio and survival indicates that

increased sturdiness ratios, i.e. taller plants relative to stem diameter, had a significant

negative effect on cutting survival (Figure 8). Similar to the effect of RCD and height on
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seedling survival, the relationship between SR and seedling survival at Helvetia was
parabolic (Figure 9). It would appear that SR for cuttings should not exceed more than 5
cm in height for every 1 mm in stem diameter (i.e. 50) and that seedling heights should

be between 5 and 8 cm for every 1 mm in stem diameter (i.e. 50 — 80).

‘Cotyledon number at Helvetia

Although there was no relationship with cotyledon number and survival, there was a
significant relationship between cotyledon number and seedling size (Table 4). Using the
data at Helvetia, the relationship with seedling height was weaker and could be described
as linear (p=0.052, R*=0.10), while the relationship with RCD was stronger and could be

described as quadratic (p<0.001, R*=0.40).

Table 4. Mean seedling dimension at planting per cotyledon-number category at

Helvetia.
Cotyledon number RCD (mm) Height (cm)
4 1.58 10.04
5 , 1.63 ©10.22
6 : 1.65 10.52
7 1.75 10.84
8 1.79 | 11.82 |
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Figure 4. Relationship between cutting root Figure 5. Relationship between seedling root

collar diameter at planting and 12-month collar diameter at planting and 12-month
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Figure 6. Relationship between cutting height Figure 7. Relationship between seedling height

at planting and 12-month survival. at planting and 12-month survival.
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Figure 8. Relationship between cutting Figure 9. Relationship between seedling
sturdiness ratio at.planting and 12-month sturdiness ratio at planting and 12-month

survival. | survival.
DISCUSSION

Differences in suwival between the two sites appear to be driven by differences in
climate. Temperature extremes are known to have a greater influence on post-planting
mortality than averag-es (Morris, 1991; McTague and Tinus, 1996; Allan and Higgs,
2000). The lower air temperatures observed at Helvetia, particularly when below 3 °C,
favour the formation of erst (Pallett, 1999). The probability that the plants would have
been subjected to increased severity and longer periods of frost (freéze) damage would,
therefore, have been greatér at Helvetia. Low atmospheric humidity, particularly when
less than 30% and fof extended periods, has also been shown to influence survival
.(McTague and Tinus, 1996). The data from the present study may, therefore, support the

use of relative humidity to define planting risk. Consequently, the extremes in low
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temperature, insufficient rainfall during the winter months, and frequent periods of low
atmospheric humidity would suggest that Helvetia was sub-optimal, in comparison to

Driekop, for late season re-establishment.

The fact that plant morphological descriptors had no influence on the survival at the
Driekop site, but influenced survival significantly at the Helvetia site indicates that the
less extrefne climate at Driekop masked the effect that shoot rﬁorphology may have had
on survival at this site. This highlights the importance of understanding site types and of
planting correctly graded stock espeéially on marginal sites in order to maximize
survival. This also indicates that the easily measurable morphological parameters (Ht and
RCD) can probably be used to define containerised nursery stock quality of P. patula

operationally.

Root collar diameter is frequently cited as a good measure to use in assessing survival
due to the close positive relationship with root mass (Thompson, 1985; Mexal and
Landis, 1990; Rose et al.,, 1990; 1991; Ritchie et al., 1993; Zwolinski et al., 1994;
McTague and Tinus, 1996). From the current study, it would seem that the éuttings
planted at Helvetia support this statement (RCD R?=0.80, height R*=0.24). Sturdiness
ratio correlated significantly with survival for both plant types (cuttings R2=0.58 and
seedlings R*=0.78) indicating that the manner in which RCD and height relate to each
other is also important to survival. This implies that plant height should not be excluded
from asséssing cutting quality. Elsewhere, the relationship between sturdiness ratio and

survival of P. patula seedlings has been shown to be very similar (R2:0.769) (Zwolinski
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and Bayley, 2001) to that measured in the Helvetia study. Maximum sturdiness ratios
generated at Helvetia (1 mm RCD : 5 cm height (cuttings); 1 mm RCD : 5 - 8 cm height
(seedlings)) are also very similar to the maximum ratio suggested for containerised Picea

mariana (Black spruce) seedlings (1 mm RCD : 6 cm height) (Thomson, 1985).

Very large RCD has been shown to reduce survival of container grown seedlings due to
root binding, which appéars to be related to a reduction in the potential for new root
growth after planting (South et al., 2005; South and Mitchell, 2005). The seedlings, with
root collar diameters greater than 2.2 mm in the Helvetia study may therefore, have been
root bound at the time of planting. The direct relationship that seedling cotyledon number
had on RCD, suggests that, although this variable did not relate directly with survival,

there may be an indirect relationship worth exploring in future studies.

It has been reported that seedling height is an important morphological attribute when
_ planting. on dry sites with an increase in height resulting in a decline in survival
(Thompson, 1985; McTague and Tinus, 1996). Thus, it was not surprising that seedling
height at Helvetia appeared to be very important (R*=0.83) with seediings taller than 15
cm showing a decline iﬁ survival. Taller plants, which are likely to have larger leaf areas,
generally transpire at greater rates (Rose et al., 1990) suggesting that the taller seedlings
in this trial would most likely have been under increased stress due to the lack of
available water. It is for this reason that shorter, stockier plants, with smaller leaf areas,

have been prescribed on more arid sites (Mexal and Landis, 1990).
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It was encouraging to observe that cutting and seedling survival was similar providing
further evidence (Mitchell ez. al., 2005) that P. patula cutting survival should not hinder
commercial deployment. Although the significant plant type By site interaction may
indicate that cuttings are more prone to mortality under sub-optimal conditions, the
difference in 12-month survival between the two plant types at Helvetia were very small

(cuttings 43.93%, seedlings 46.97%).
‘Operational considerations

‘Currently, due to insufficient knowledge on optimal plant dimensions for different sites,
it would seem that all nursery stock should be raised to dimensions specified to achieve
optimal survival under sub-optimal planting conditions. Once optimal plant dimensions
have been deﬁned for different site conditions, plants can be raised to suit the specified
site. These studies indicate specifications useful in achieving optimal sﬁrvival under
harsh climatic conditions, and provide a starting point for further studies to determine

their validity for operational use.

In addition to planting the correctly graded nursery stock on sub-optixﬁal sites, it may be
necessary to define the optimal “planting window” (planting period) for different site
types to improve survival (Landis, 2002). Due to the higher planting risk at sites such as
Helvetia, the “planting window” may be narrower, and different, compared to sites such
as Driekop. The trials in this study were established towards the end of the softwood

planting season. In the case of Helvetia, the negative effects of low temperature and little
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or no rain following planting, may have been avoided had the study site been established
earlier in the planting season. The implications on the planning and timing of site
preparation and planting activities will be directly influenced by the optimal “planting

window”.

CONCLUSIONS

The data obtained from recording site climate and plant morphology at planting in the 4
studies, yielded substantial information about these effects on post-planting survival
success. It would seem that the extremes in 10§v temperature and humidity, as well as lack
of rainfall can result in severe mortality. In order to improve survival after out-planting it
is proposed that optimal planting periods be defined fof different sites. Furthermore, it
was observed that planting correctly graded planting stock is essential when maximizing
post-planting survival under sub-optimal planting conditions. Planting should, therefore,
take place during the optimal planting periods using nursery stock designed to survive

well under most climatic conditions.

Survival was best achieved on the sub-optimal site for cuttings grown in cavities 90 ml in
volume, if root collar diameter §vas between 2.8 mm — 3.2 mm and stem height was
greater than 7 cm at planting. Seedlings, grown in cavities 80 ml in volume, survived best
if ther root collar diametef was bgtween 1.8 ~ 2.2 mm with a stem height of 10 - 15 cm at
planting. The manner in which RCD and Ht related (SR) also proved important. Cutting
height should not be greater than 5 cm for ever 1 mm RCD and seedling height should be

between 5 and 8 cm for every 1 mm RCD. These criteria provide nursérymen with
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guidelines as to what P. patula seedling and cutting dimensions might be at planting.
Further studies are required to verify these guidelines. Cuttings and seedlings survived
equally well indicating that comparable survival can be expected operationally if good

quality plants are raised, handled and planted correctly.
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Chapter IV

Root volume and raising period affect field performance of

Pinus patula cuttiligs in South Africa

Mitchell, R. G., Zwolinski, J., Jones, N. B. and Bayley, A. D., 2005. Root volume and
raising period affect field performance of Pinus patula cuttings in South Africa. Southern
African Forestry Journal 204: 15— 21.

ABSTRACT

The propagation of pines through cuttings has become a commercial means of rapidly
multiplying improved genetic material for operational use in forestry companies. Cuttings
of pines are produced entirely in containers in South Africa. Containers, however, can
negatively affect plant growth and post-planting field performance if plants are allowed
to grow beyond the constraints of the root cavity. The aim of this study was to determine
the effects of tray type and plant age on the field performance of Pinus patula rooted
cuttings. Field assessments indicate that the combination of greater root mass at planting
and increased media volumes improved field growth with the most significant response
“observed in stem diameter. Factors responsible for producing greater root dry mass at
planting were increased media volume and a longer raising period in the nursery. Seven
years after planting, cuttings with the largest root mass at planting (0.560 g) were 27%
larger in individual tree volume than trees produced from cuttings having the smallest
root mass at planting (0.159 g). Field survival was exceptionally good and did not differ

among nursery treatments.
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INTRODUCTION

Raising planting stock in containers (trays) is now widely accepted as -an efficient and
practical method of producing plants for field establishment. Under variable planting
conditions in South Africa, containerised planting stock may yield better post-planting
survival and early growth than open-rooted stock. Furthermore, when one seed is sown
per cavity, seed use efficiency is improved and small containerised plants take less time
to produce compared with large open-rooted plants (Barnett and Brissette, 1986)
However, problems such as root deformities in over-sized plants have often been cited as
the disadvantages of the containerised system (Grene, 1978; Tinus, 1978 a, b; Bayley,
1998). |

Even when plants are dispatched timeously, the shape and volume of the cavity appears
to have an effect on root form and development. Previous studies testing the effect of
various container types on the performance of Eucalyptus grandis seedlings, indicate that
leaf surface area, root dry mass, root : shoot ratio, as well as height and growth rates after
transplanting are all affected by tray type (McCubbin and Smith, 1991). In other studies
the ability for newly planted seedlings to rapidly generate roots impacted positively on
field survival (Bayley, 1995, 1998; Morris, 1990), and subsequent growth (Tinus, 1978
b). If factors such as tray type and root architecture influence seedling pefformance, the
effect with cuttings may be even more important given the more fragile nature of their

root systems.
‘The aims of this study were to assess the field survival and growth of P. patula cuttings

raised for different lengths of time in several types of containers. Containers were

selected based on their shape and volume.
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MATERIALS and METHODS
Plant materials

In May 1994 Pinus patula seedling hedges were established using a Zimbabwe Forestry
Commission (ZFC) seedlot (P16347) comprising of a mix of open pollinated families.
Family representation in the hedge bank was randomly distributed. When the hedges
were approximately 15-months-old from theif date of sowing_, shoot éuttings were
harvested fof the trial. Shoots were set m July and September 1995 to achieve cuttings of
two différent ages at planting. Two P. patula seedling controls (age 6 and 7 months)

were obtained from production blocks at the Ngodwana Nursery.

Tray types

There were five types of containers, each differing in cavity volume (Table 1). All trays
used for raising the cuttings were treated with a copper root-pruning agent, Spin Out®
(active. ingredient, cupric hydroxide, 116 gl latex carrier; Griffin Corporation) before
filling with media. Thus all the cutting treatments had a pruned root system. In addition to
chemical root pruning, the BCC® trays have large slits in the sides of the inserts to air-
prune roots and a large opening at the base of each cavity. The cuttings set in the various
tray treatments were raised for 7 and 9 months before planting. The seedling controls
were raised in the Sappi standard tray and were only air-pruned at the bottom of the plug.
While the containers used in this trial differed in colour, cavity shape, cavity volume and
type of pruning application provided | orﬂy container-type and ag'e differences were

considered as the experimental treatments (Table 1).
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Table 1. Specifications of the containers used to raise the cuttings.

Cavity Cavity Root Plant Type of root

Container typesl Colour Cavity diameter length volume | density pruning
shape | m) (mm) m? | (#md) applied ®

BCC SideSlit 81¢ Black Square 39 85 60 546 Air + Chemical
Sappi 49 (standard) White Round 39 80 80 423 Chemical
Unigro 98° Black Square 37 100 90 450 - Chemical
Unigro 72° Black Square 52 100 125 330 Chemical
Sappi 49 (deep) White Round 39 130 130 423 Chemical

! All containers were used for raising the cuttings, only the Sappi standard tray was used for the seedlings
The BCC plug, although 100 ml in volume, was recorded as 60 ml due to excessive media loss through the large
side slits and opening at the bottom of each cavity

? Lateral root pruning was only applied to the cuttings and not to the seedlings
Nursery procedures

Growing media consisted of 12 mm-sieved, composted pine bark. Cuttings were set
without the use of rooting hormone. Once set, cuttings were placed in a fibreglass
greenhouse where the shoots received intermittent mist. Temperatures in the rooting
medium were maintained above 25 °C. Cuttings remained in the rooting environment for
a period of 90 days before being moved out into the nursery tunnels where they received
normal nursery treatment consisting of daily irrigation. In addition, two applications per
week of soluble N:P:K fertiliser were applied at a rate of 1%. Fertiliser applications
alternated between Hortichem Orange® (2:3:2 (42)) and Hortichem Blue® (5:2:4 (43)).

The plants were raised at the Ngodwana Nursery.
Nursery measurements

Plant dimensions were determined immediately prior to planting the trial by selecting

nine plants down the centre two rows of a randomly selected tray in each treatment and
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measuring root collar diameter (RCD) and plant height. Root dry mass (RDM) at the time
of planting was determined by assessing a further ten randomly selected plants per
treatment, from another tray. To obtain RDM, root plugs were washed of all excess bark
medium and roots were removed from the base of the cutting using a sharp blade. Once

removed, the roots were oven-dried for 48 hours at 70 °C, before being weighed.
Field design and planting

The trial was planted in April 1996 on the Sappi Elandshoogte plantation. The experimental
design was a Randomised Complete Block with 5 replications (Table 2). The cutﬁng
treatments consisted of plants of two ages, raised in 5 different tray types. Two seedling
controls were included, also of two ages, but were raised in one container type. Individual
plots consisted of 16 trees (4 x 4 tree plots). The distance between trees at planting was
2.4 m. Plants were planted using the “puddle” plantihg technique where one to two litres of
water is added to the planting pit at the time of planting creating a mud slurry, into which the
plants are planted. The experimental area had been bumt one month before planting.

Climatic details of the site are summarised in Table 2.

Table 2. Trial design and land type details '

‘Trial design Randomised Complete Block

Number of treatments 12

Number of replications 5

Plot size | 4 x 4 tree plot

Tree spacing _ 24mx24m

Elevation (m.a.s.l.) , 1800 m

Mean annual temperature 13.8°C _ | | T
Mean annual precipitation 1140 mm‘ _
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Field assessments

Individual tree heights were measured for the first time at 2.5 years after planting. The
trial Was assessed again at 5 years and 7 years after planting. During the second and third
assessment, diameter at breast height (DBH) and height was measured. From the DBH
and height data collected, individual tree volume was calculated using the Schumacher

and Hall model (Bredenkamp, 2000).
Statistical analysis

Survival percentages were arcsine transformed prior to analysis (Zar, 1984). An analysis
of variance (ANOVA), using the Genstat 5, version 3.2% Statistical Programme (Genstat,
1995) was performed on all data. The least signiﬁcaht difference (LSD) values were
calculated at the 5% level of significance. All cutting data were contrasted with all
seedling data to compare cutting with seedling performance. Within cuttings, the effect of
tray type and raising period was assessed with contrasts. Simple linear regression
analyses were performed to determine the relationship among various plant attributes at
planting as well as between the plant attributes at planting (explanatory variables) and the

field-measured criteria (dependant variables).
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RESULTS and DISCUSSION

Nursery performance

. At the time of planting the older plants tended to be larger with a larger root dry mass,

irrespective of the tray type (Table 3). Simple linear regression analysis on the nursery data

indicated that root dry mass (RDM) at planting was significantly (p<0.001) influenced by
both plant age (R* = 0.50) and media volume of 9-month-old cuttings (R* = 0.1 1). The likely

reason that no relationship existed between root dry mass and the amount of media in the

younger cuttings is that the plugs were not fully colonised by 7 months. Younger cuttings

had therefore not been able to take full advantage of the increased root growth area offered

by the increase in media.

Table 3. Treatment means resulting from an ANOVA of various nursery parameters

measured prior to planting

Treatments Height at planting | Root collar diameter Root dry mass at
(mm) at planting (ram) planting (g)
Cuttings - Unigro 98 - 7 months 103.89 (10.9) 2.94 (0.175) 0.235 (0.048)
Cuttings - Unigro 98 - 9 months 216.22 (16.8) 3.75 (0.169) 0.459 (0.054)
Cuttings - Unigro 72 - 7 months 110.22 (8.4) 3.07 (0.112) 0.314 (0.053)
Cuttings - Unigro 72 - 9 months 275.67 (27.9) 396 (0.102) 0550 0076
Cuttings - Sappi std - 7 months 81.33 (7.64) 2.84 (0.175) 0.159 (0.012)
Cuttings - Sappi std - 9 months 244.78 (37.0) 3.79 (0.462) 0.459 (0.059)
Cuttings - Sappi deep - 7 months 95.56 (5.66) 3.22(0.154) 0.182 (0.025)
Cuttings - Sappi deep - 9 months - 308.56 (25.1) 4.77 (0.560) 0.414 (0.039)

Cuttings - BCC - 7 months 131.89 (6.1) 2.98 (0.082) No data available
Cuttings - BCC - 9 months 203.56 (23.0) 3.52 (0.207) 0232 0.068)
Seedling control - 6 months 223.89 (11.0) 2.93 (0.083) 0.298 (6.026)
.Seedling control - 7 months 212.78 (13.2) 2.80 (0071) 0.388 (0.019)

Values in parentheses represent the standard error of the mean
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Field performance
Survival

Overall survival was above 95% in month three and therefore the trial was not blanked. The
outstanding field survival may have been due to high soil moisture noted at the time of
planting and mean annual precipitation in excess of 1000 mm per year at the chosen site. At
7 years of age surv1va1 was still high and dlfferences between treatments were not
statistically significant (Tables 4 and 5). The similar survival between the cutting and
- seedling treatments has been observed in other trials (Mitchell ef al., 2004b).

Growth

Treatments differed significantly in height, diameter and volume at 7 years (Table 4).
The mean of all cuﬁing treatments was significantly larger for stem diameter (p=0.043)
and ranked higher for height and volume compared with the seedlings (Table 5 and
Figures 1 - 3). Although the stock number of the seedling material used in the trial was
not recorded at the time of planting, all seedling material being deployed from the
Ngodwana Nursery in the month of planting (from which the control was taken) was
genetically superior to the cutting material (A. Kanzler, Sappi Forests Research, pers.
comm., 2005). The observed differences in field diameter performance between the two
plant types were therefore likely due to reasons other than genetic differences. For
example, seedlings were raised in untreated trays, whereas cuttings were raised in trays
treated with a copper root-pruning agent that has been shown to promote field growth
(Bayley, 1998). Furthermore, the fact that cuttings generally grew better in diameter than
seedlings in this trial was encouragihg as it has recently been reported that P. patula hedges
. mature rapidl_y resulting in a decline in cutting quality (Mitchell et al., 2004a). Although the
trial was not assessed for stem form, it wés_ noticed that cuttings prbduced straighter, more

uniform stems, when compared with the seedlings.

64



Table 4. The effect of container/plant type on survival, height, diameter and stem
volume seven years after planting (treatments are sorted in descending order

according to tree volume) for treatment combinations.

Treatment . Survival (%) | Height (m) DBH (c¢m) Volume (m3)
Cuttings - Unigro 72 (125 ml) 7 months 87.5(71.8) 13.314 - 18.042 0.1283
Cuttings - Unigro 72 (125 ml) 9 months 90.0 (73.7) 13.099 - 17920 0.1240
Cuttings - Sappi std (80 ml) 9 months 93.7 (81.1) 13.087 17.694 0.1209
| Cuttings - Sappi deep (130 rol) 9 months 91.2 (76.6) 12.640 17.569 0.1162
Cuttings - Unugro 98 (90 ml) 7 months 96.2 (83.0) 12.650 17.392 0.1137
Cuttings - BCC (60 ml) 7 months . 91.2(77.4) 12.523 16.671 0.1066
Seedling control (80 ml) 6 months 85.0 (72.3) 12.555 16.550 0.1062
Seedling coﬁtrol (80 ml) 7 months 88.7(72.8) 12.408 16.760 0.1060
Cuttings - Sappi deep (130 ml) 7 months 92.5(75.9) 12.685 .16.638 0.1058
Cuttings - Unigro 98 (90 ml) 9 months 87.5(71.8) 12.186 16.843 . 0.1018
Cuttings - BCC (60 ml) 9 months 85.0(72.8) 12.364 16.630 0.1012
Cuttings - Sappi std (80 ml) 7 months 88.7 (74.7) 12.304 16.504 0.1005
LSDys (13.11) 0.7939 0.9470 0.01627

Transformed survival percentages shown in italicised parenthesis
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Table 5. Analysis of variance of the effects of container type and raising period

(plant age) on the growth measurements at seven years after planting.

Variate: Survival (transformed) d.f. S.S. m.s. V.IL F. prob.
Replication 4 1594.0 398.5 2.70 0.043
Contrast (Seedlings vs. Cuttings) 1 91.8 91.8 0.62 0.434
Contrast. Container type 4 169.5 42.4 0.29 0.885
Contrast. Plant age 2 24.4 12.2 0.08 0.921
Contrast. Container x age 4 451.6 - 112.9 0.77 0.553
Residual 44 6488.5 147.5

| Total 59 8819.8
Variate: Height d.f. S.S. m.s. VI, " F. prob.
Replication 4 9.9676 2.4919 6.42 <0.001
Contrast (Seedlings vs. Cuttings) 1 0.3470 0.3470 0.89 0.349
Contrast. Container type 4 4.0221 1.0055 2.59 0.049
Contrast. Plant age 2 0.0590 0.0295 0.08 0.927
Contrast. Container x age 4 2.2488 0.5622 1.45 0.234
Residual 44 17.0693 0.3879
Total 59 33.7138
Variate: Diameter d.f. s.S. m.s. V.I. F. prob.
Replication 4 7.3799 1.8450 334 0.017
Contrast (Seedlings vs. Cuttings) 1 2.3862 2.3862 432 0.043
Contrast. Container type 4 9.3743 2.3436 4.25 0.005
Contrast. Plant age 2 1.1031 0.5516 1.00 0.376
Contrast. Container x age 4 5.5167 1.3792 2.50 0.056
Residual 44 24.2887  0.5520
Total 59 50.0488
Variate: Volume d.f. s.s. m.s. V.I. F. prob.
Replication 4 0.0039139 0.0009785 6.01 <0.001
Contrast (Seedlings vs. Cuttings) 1 0.0002826 0.0002826 1.73 0.195
Contrast. Container type 4 0.0028620 0.0007155 4.39 0.004
Contrast. Plant age 2 0.0000426 0.0000213 0.13 0.878
Contrast. Container x age / 4 0.0017356 0.0004339 2.66 0.045
Residual 44 0.0071667 0.0001629
Total 59 0.0160035

. ]
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The effect of tray type on growth was highly significant with the large (125 ml) Unigro
72 tray performing significantly better than all trays tested (Table S, and Figures 4, 5
and 6). The BCC tray was the poorest ranked tray treatment for diameter and volume
growth. During the nursery-raising period a large portion of the growing medium fell out
of the base of this tray reducing the effective root volume from 100 ml to approximately
60 ml. In addition, the many large slits in the side walls of the BCC tray, designed to air-
prune lateral roots, resulted in periodic drying out of the growing medium. These two
factors probably led to the poor field performance of cuttings raised in this tray type. The
plant réising period in the nursery had no significant effect on height growth. However,
there were interactions between tray type and age for diameter and volume growth

(Table 5). Although the interaction could not be explained, the older cuttings performed
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better when grown in Sappi trays while the younger cuttings performed better when

grown in Unigro or BCC trays (Table 4).
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Figure 4. Mean tree height at seven years for the tray types tested.
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Figure 5. Mean tree diameter at seven years for the tray types tested.
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Linear regression analyses indicated that the volume of the root plug (media volume) and
root mass at planting were the major contributors to the significant differences measured
in height, diameter and volume at 7 years (Table 6). The Unigro 72 (9-month-old) cutting
treatment, which had the largest root mass at planting (0.560 g), yielded the second largest
trees at 7 years. They were 27% larger in individual tree volume than those produced in
the Sappi standard tray for a period of 7 months, which had the smallest root mass at

planting (0.159 g) (Table 3).

Exceptions to this general relationship were the Unigro 98, 9-month-old cuttings (0.459
RDM) and the Sappi deep tray (0.414 g RDM). Both performed relatively poorly in spite
of their large root mass. The Sappi deep trays had cavities that were much longer and
narrower than the Unigro 72 tubes (which produced the largest trees) and the most likely
reason for the poorer performance could be that roots were damaged during the extraction
process. It was noted at the time of planting that the plants grown in the Sappi deep trays
were difficult to extract from the cavities due to excessive friction between the root plug

and inner cavity wall.
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Root collar diameter at planting correlated significantly with tree diameter and volume
growth up to an age of 5 years (Table 6), suggesting that this may be an impdrtant
nursery variable to measure when establishing field trials. Height at planting had no
influence on any field growth measurements. The observation that initial plant height had
no effect on height growth, suggests that if genetic bias can be eliminated, height growth
is controlled by other factors such as site quality (Bredenkamp, 1993). Furthermore, from
the linear regressions carried out at each assessment, it was apparent that the influence of
initial shoot dimension diminishéd over time. This indicates that, if shoot dimension ét
planting does influence early growth, it is likely to lose its influence at a later stage. Root
description, therefore, is the most likely nursery morphological attribute contributing to

field growth performance. -

Table 6. The results of simple linear regression analyses on field growth responses

due to nursery measurements at planting.

2.5 years 5 years 7 years
Nursery Field
explanatory | dependant F prob. R? F prob. R’ F prob. R’
variate variate
) Height 0.139 0.13 0.654 0.00 0.902 0.00
Height at '
) DBH N/A N/A 0.223 0.59 0.356 0.00
planting
Volume N/A N/A 0.356 0.00 0.535 0.00
Root collar Height 0.022 037 | 0.135 0.13 0.613 0.00
diameter at DBH N/A N/A 0.032 0.32 0.136 0.13
planting Volume N/A N/A 0.046 0.28 0.319 0.09
Height 0.024 0.39 0.124 0.16 0.289 0.0
Root dry :
DBH - N/A N/A 0.017 0.43 0.060 1 0.27
mass _
Volume N/A N/A 0.022 0.40 0.111 0.18
Height 0.022 0.36 0.106 0.16 0.065 0.23
Root : -
DBH N/A N/A 0.174 0.09 0.049 0.28
volume :
Volume N/A N/A -0.112 0.16 0.046 0.28

Figures in bold indicate significant relationships-at the 5% level

N/A = data not available
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CONCLUSION

We believe that root volume (quantity of growing media) influenced tree height, diameter
and volume up to 7 years after planting. It would appear that the reasons for improved field
growth with larger root volumes are due to an increase in root mass. Treatments possessing
a greater root mass at planting had the largest response on improving diameter, which in-
turn, influenced tree volume. Cuttings possessing larger root collar diameters wére found to
correlate with larger diameter trees at 5.years of age. Plant height at planting had no
relationship on medium-term field growth performance. From the data, it would appear that
containerised cuttings should be raised in cavities at least 80 ml in volume and have attained
a dry root mass of between 0.3 and 0.5 g for successful growth to be achieved after
establishment. A well-colonised root plug with greater root mass was achieved by producing
cuttings for a period of 9 rather than 7 months. Lastly it was encouraging to note that cutting
survival and growth was similar to seedlings in this trial, indicating that the operational

propagation of P. patula by means of cuttings is possible.
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CHAPTER YV

A review on the effects of donor maturation on rooting and

field performance of conifer cuttings

Mitchell, R. G., Zwolinski, J. and Jones, N. B., 2004. A review on the effects of donor
maturation on rooting and field performance of conifer cuttings. Southern African

Forestry Journal 201: 53 — 63.
ABSTRACT

The maturation and ageing effects of parent or donor plants have been reported to have
both positive and negative influences on the performance of rooted cuttings. A general
decline in rooting ability, root quality and speed of rooting in the nursery, and a reduction
in tree survival, growth and form in the field, have been associated with donor plants that
have reached a state of reproductive or ontogenetic maturity. Increased maturation has
also been shown to affect wood quality negatively. Provided that donor plants are still
relatively young, positive effects from increased donor age have been observed through
an improvement in tree form and branching habit, as well as a reduction in bark thickness
and stem taper. These improvements have resulted in increased timber yields over
seedlings of the same genetic origin. This report summarises current understanding of the

effects of donor maturation.
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INTRODUCTION

Rapid multiplication of improved genetic material for the establishment of forest
plantations is now commonly achieved through the production of rooted cuttings. The
age of the parent material, used for the production of cuttings, has been found to be one
of the most important factors affecting rooting (Girouard, 1973) with a decline in rooting
ability with increasing hedge age. For this reason all plantation establishment by means
of rooted cuttings is based on juvenile material. In addition to a decline in rooting,
increased hedge age has also been known to affect post-planting survival, growth habits
and wood quality. A good understanding of maturation effects and careful management
of parent hedge material is, therefore, required to successfully produce rooted conifer

cuttings that will yield satisfactory results.

BASIC TERMINOLOGY

Haffner et al. (1991) describes the process of maturation as the developmental process
relating mainly to woody species, during which growth rate and rooting of cuttings is
reduced by the onset of morphological changes in the parent plant. In plants there appear
to be three separate, although highly interactive, forms of maturation, all of which are
known to influence rooting and plant growth (Leakey et al., 1992; Lewis, 2000). The first
two forms represent true maturation and relate directly to the age of the donor plant
(cyclophysis) and the position of the propagule on the donor plant (topophysis). The third
element, is that of general donor plant health, and can be described as a carry over effect
of the environment. This type of ageing is referred to as physiological ageing (periphysis)
(Olesen, 1978).
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The effect of donor age (cyclophysis)
Ontogenetic ageing

The term "ontogeny" is a broad term that describes "the developmental course of an
organism from the fertilized egg through to maturity" (Oxford Uniyersity Press, 2000). In
horticulture, the term ontogenetic maturity refers to the onset of reproductive maturity
(Leakey et al., 1992). Ontogenetic ageing is due to epigenetic effects, of pre-programmed
gene expression (Dekker-Robertson and Kleinschmit, 1991; S. J. Walker, Queensland
Forest Research Institute, pers. comm., 2002; Allan, 2003). Although all parts of the plant
may have identical DNA, or genetic makeup, different genes in the DNA are stimulated -
at different stages of development, which can result in variation in rooting, growth habit,
flowering and leaf morphology. It is important to understand that the changes in rooting
observed as the donor plant matures, is due to gene regulation, and not changes in the

genetic makeup.

When we refer to age as one of the most significant factors influencing rooting in pines,
we usually refer to the ontogenetic point at which plants would normally reach
reproductive maturity for a given species (Slee and Clarke, 1991). It is also generally
observed that mature trees grow at a slower pace, producing smaller annual growth
increment rings, whereas during the juvenile phase, trees may grow continuously
throughout the growing season or pass through repeated growth flushes (Borchert, 1976).
. Shoots, harvested from reproductively mature trees, exhibit poor rooting because they are
prbduced from the previous year's growth where genes for good rooting and fast growth
are no longer being expressed, but rather those for flowering and slower growth (S. J.

Walker, Queensland Forest Research Institute, pers. comm., 2002)..

There can be some exceptions to this rule. It has been shown that flowering can occur
without the onset of irreversible maturation (Vieitez and Vieitez, 1976). In some cases,
“male strobili are the first to appear on pine trees (Giertych, 1976) and it has been found

that rooting from shoots harvested from trees in the presence of male flowers, but in the
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absence of female flowers is still acceptable (Giertych, 1976). Studies on Pinus patula in
Zimbabwe, however, have revealed that female strobili are the first to appear and can

appear on trees raised from seed as early as two years after planting (Bamnes and Mullin,

1974).

Wilson (1998) warns against making a close association between a decline in rooting and
onset of flowering and he speculates that rooting ability and flowering are under the
controi of two directly antagonistic hormones. He uses .the example of Eucalyptus
deglupta and E. camaldulensis, which are considered both easy to root and early
flowerers, or E. nitens, which is considered difficuit to root and flowers late. In a study
carried out on Pseudotsuga menziesii (Black, 1972) rooting declined rapidly from trees
older than 9-years and only 5% rooting was obtained from trees aged 24-years. Black
concluded that the decline in rooting could not be attributed directly to the onset of
flowering as only trees aged 24 and 25 years showed evidence of cones. Trees aged 15

years and less, carried no cones.
Chronological ageing

Chronological ageing refers to a pufely linear description of age, categorized in terms of
time. There are two forms of chronological age in trees. The first one categorizes the tree
as a whole in terms of time e.g. a one-, five-, or ten-year-old tree. The second form of
chronological age refers to differences in age on parts of the same tree. For example,
deciduous trees produce new (chronologically young) leaves during spring and shed their
leaves (chronologically old) during winter. This process occurs annually for the duration

of the trees' lifetime.

Chronologically, the oldest part of any tree will be the portion of tissue laid down during
th¢ very early growth Stages. Ontogenetically, the oldest part of any tree will be the
portion of tissue laid down during last season’s '.growfh period. Annually, during each
new growing season, new shoot development (chronologically youngest) is formed on the

' ontogenetically oldest part of the tree. It is therefore hypothesised that the shoots with a
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juvenile appearance observed on the top parts of a tree that has reached reproductive
maturity, will produce poor rooting, and shoots with a mature appearance observed on a

young tree that has not reached reproductive maturity may produce good rooting.
The position of the propagule on the donor plant (topophysis)

A trend for mcreasmg levels of maturity with height is common in addltlon to overall
donor age (Roulund, 1975; Donald, 1987). This phenomenon is referred to as topophysis.
It has been regularly observed that rooting from shoots harvested from the lowest branch
whorls produce acceptable rooting whilst those harvested from the top of the crown are
very difficult to root (Roulund, 1975; Donald, 1987). The reason for this is that trees
grow from the base up and from the inner to the outer portions (Hamann, 1995) making

the base region, ontogenetically, the most juvenile part of a tree.
Hedge condition (periphysis)
Physiological ageing

The loss of juvenility of the stock plant is a common description for any unexplained
decline in rooting over a period of time (Leakey et al, 1992). There are numerous
sources of variation in rooting that are stock-plant related, but that have nothing to do

with the loss of juvenility. However, because these effects are not properly understood,
| any decline in rooting due to them have been ignored and referred to as "phase change"
or irreversible maturation (Leakey et al., 1992). These changes are generally reversible

provided ontogenetic maturation has not set in.

It has been shown that the physiological state of the donor plant is one of the most
important factors in achieving acceptable rooting (Bower and van Buijtenen, 1977,
Goldfarb et al., 1997). This form of ageing refers to changes arising from variations in
factors such as nutrient status, carbohydrate content and the water status of the donor

- plant and propagule (Leakey ef al., 1992). It has been determined that nutritional and
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environmental stresses encourage biochemical changes associated with flower induction

and the onset of early maturation (Durzan, 1976).

Interestingly, even with supplemental fertilizer, hedges receiving regular shoot removal
can show increased nutritional deﬁciencies over time (Osorio, 1993). Nutrient
deficiencies are particularly apparent from the third year of production. This has been
observed in Pinus oocarpa, P. maximinoi, P. tecunumanii (Osorio, 1993), as well as in P.
patula and P. elliottii x P. caribaeé hybrid hedges (L. A. Williams, Sappi Forest

Nurseries, pers. comm., 2003).

Conversely, accelerated optimal growth has also been known to induce maturation. In a
study conducted on Picea pungens, seedlings were grown under a 24-hour photoperiod
with optimal temperature, moisture and nutrient levels. The plants exhibited continuous
and vigorous growth. Once planted, the trees demonstrated precocious flowering,

compared to those grown under natural conditions in the nursery (Young ez al., 1976).
Preventing maturation

Maturation of many coniferous species of trees can be postponed significantly through
various techniques such as hedge management, rejuvenation, manipulation of

temperature and etiolation.
Hedging

This technique makes use of the effects of topophysis, and involves maintaining parent
material in a hedged state where shoots can continually be formed from, or close to, the
root collar area. In this way all new shoot material is formed from tissue that was laid
down when the plant was producing juvenile tissue. The juvenile characteristics from this
tissue are passed on to the newly formed shoots and rooted cuttings (Fielding, 1954;
Reines, 1963; Fielding, 1969; St. Clair, et al., 1985; Donald, 1987; Osorio, 1991; Copes,
1992; Haines et al.,, 1992; Peer and Greenwood, 2001). This appears to. be the most
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successful and common technique employed by nursery managers today. As hedges grow
in height, and shoots are subsequently formed from tissue possessing less juvenile
characteristics, it may be necessary to annually "crash-back" or lower the height of the
hedge closer to that of the original size (Libby ef al., 1972; Walker and Haines, 1991,
Haines et al., 1992).

Maximising the advantages that topophysis offer, some authors are using a technique
éalled mini-cutting propagétion (de Assis, 2001). This technique involves maintaining
parent hedges in very small containers, and harvesting the shoot material just above the
root collar. Often seedling trays are used for maintaining these hedges. Material harvested
is no more than a few centimeters in length. It has been found that optimising hedge
nutrition and water requirements with such hedges becomes increasingly important,
however, as the small containers and effects of harvesting.shoots so close to the root
collar place increased stress on the hedge. Such stress may lead to premature

physiological ageing and a decline in rooting.
Rejuvenation

A second, more complicated technique of delaying the effects of maturation involves
what is commonly known as serial propagation or hedge cycling. This technique involves
harvesting shoot material from donor plants that are reaching a point of ontogenetic
maturation, and once rooted, establishing new donor plants from the rooted.cuttings (S.t.
Clair et al., 1985; Goldfarb et al., 1997). This process has been shown to significantly
improve rooting ability of cuttings harvested from the newly established donor plants
(Cameron, 1968; Goldfarb et al., 1997). It has also been observed that cuttings harvested
from parent hedges t'_hal are already showing signs of maturity through the change in
foliage, once rooted produce more juvenile loqking shoots with longer primary needles,
shorter secondary needles and the presence of juvenile buds (Jacobs, 1939). Rejuvenation
procedures on Pseudotsuga menziesii have shown to induce earlier bud-break (Black,

1972).
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For the same reasons that the rooting ability of cuttings from cycled hedges is improved,
the rooting ability from new shoots produced from grafted scion material, can be
improved if scion material is grafted onto juvenile rootstock (Pawsey, 1971; Mahdi,
1985; Huang et al., 1992; Osorio, 1993). The distance from the grafted scion to the base

of the rootstock has also been shown to influence the degree of rejuvenation (Chaperon,

1979).

A promising mefhod of attempting to rejuvénate mature trees is through repeated in vitro
propagaﬁon. Propagation using in vitro methods is also known as micro:-propagation due
to the size of the plant material used. Studies show that rejuvenation occurs when buds
are harvested from mature trees and placed on medium containing the cytokinin,
Benzylaminopurine. These explants form new buds from developing needle fascicles (or
short shoots). Attempts to rejuvenate Picea sitchensis in vitro (lising apical bud tissue and
callus formation from needles by subjecting the tissue to repeated cycles of cold storage
at 2 °C and growth at 20 °C) resulted in cultures with a more juvenile character. Repeated
sub-culturing of the callus formed from the needles increased the speed at which new

callus was formed (Allan and O’ Donnel; 2002).

Some authors believe that through repeated rejuvenation procedures and by propagation
in vitro, ontogenetic patterns can be almost completely reversed in some species (Bonga
and von Aderkas, 1993). Rejuvenation procedures, through repeated in vitro propagation,
have b.een well documented for Sequoia sempervirens. In one study, trees aged 600 years
showed visual signs of effective rejuvenation in the laboratory after 17 subcultures in
vitro (Fouret et al,, 1985). Rejuvenation has also been observed through successive
repeated grafting of adult shoot apices onto seedling rootstocks in vitro. In most cases 4-5
successive grafts were necessary to reinstall juvenile characteristics (Huang ef al., 1992;

Mahdi, 1985).

Rejuvenation is believed to be due to a reduction in the distance from the shoot producing

region and root collar, and change in the physiological conditions associated with a
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recently formed root system (Hackett, 1985). A possible hormonal influence, as a result

of a juvenile root system, has also been suggested (Jayawickrama ef al., 1991).

Reducing temperature

The third technique makes use of reduced temperature to slow down growth rate. This
technique is used most commonly when attempting to reduce growth rate in the
laborétory, whilst identifying desirable clones in field tﬁals. During the field testing
process representatives of clonal material are stored either as micropropagated shoots in
vitro, at temperatures ranging between 2 and 6 °C, or by cryopreserving tissue in liquid
* nitrogen at —196 °C (Withers, 1984; Smith, 1986; Davies and Aitken-Christie, 1991;
Allan, 2003). Trials conducted on cold-stored P. radiata shoot material, have shown that
although.much of the original material placed into cold storage is lost over time due to
contamination (Davies and Aitken-Christie, 1991), shoot cultures can be stored up to 5,5

years with no adverse effects (Aitken-Christie and Singh, 1987).

Interestingly, a pretreatment of cold storage before setting has been observed to improve
rooting. Libby and Conkle (1966) were able to improve the speed of rooting and increase
the number of roots that formed per cutting, by subjecting cuttings to a cold treatment for
a period 20 to 50 days before setting, and Brix (1973) reports an improvement in rooting

if P. radiata cuttings are kept at 4,4 °C for a period of 6 weeks.
Etiolation

The degree to which plants are exposed to direct sunlight has also been shown to affect
the juvenility of the donor plant. This effect, however, is probably more closely related to
physiological condition rather than true maturation. Shaded donor hedges have been
found to produce etiolated shoots with juvenile characteristics (Osborne, 1992). These
shoots have been shown to produce better rooting and survival (Blakesley et al., 1992).

Studies on P. patula hedged plants (Osborne, 1992) show that the most heavily (85%)
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shaded hedges produced cuttings that rooted significantly better and produced the highest

average root length above all other shading treatments.
OBSERVATIONS

Nursery performance

Rooting efficiency

A summary of the rooting studies of coniferous plants examined in this review is given in
Table 1. The rooting percent varied from 25% to 100% for juvenile material and from
1% to 75% for mature material depending on species and external factors that may have
affected the outcome of the studies. Rooting efficiency from juvenile hedge material in
- all cases app.eared acceptable for large-scale cutting production. The biggest limiting
factor of some species seemed to be the early maturation age. This was particularly true

of P. patula, P. pinaster and Larix spp. (Table 1).

As mentioned under the description of ontogenetic maturation, a decline in rooting
efficiency does not necessary provide an accurate measure of irreversible maturation
however. In a study conducted on the nursery and field perfoﬁnance of P. taeda cuttings
and seedlings, cuttings from 5-year-old tree donors rooted equally well compared to those
from 1-year-old tree donors and had a similar quality root system. The cuttings from the
5-year-old donors, however, were found to grow significantly slower in the field after

planting (Foster et al., 1987).
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Table 1: A summary of the published information reviewed on maturation age and

rooting ability of coniferous species of trees

Reported Reported )
. . . . i
Species ‘maturation maturation Rot?tmg ;.)ercent from Rooting percent from _ References
age (without age (with juvenile donors mature donors
rejuvenation)* rejuvenation)**
1
Chamaecyparis 1 2 O (S venr ey 2 62% (12-vear-old hed ) : Karlsson and Russell, 1990
nootkatensis 7 years 10 years 90% (5-year-old hedges) b (12-year-old hedges) z Russel) and Grosnickle, 1989
Larix spp. | year N/R N/R N/R B Peer and Greenwood, 2001
' Bentzer, 1988
07% (14 1d-hed 1 B Dekker-Robertson and
_year-old-hede .
i ' 12-16 58 15-21 2.4 100:/( g year‘lo dl'DeS; s) | 50-75% (12-year-old trees) * Kleinschmid, 1991
- , - . v o _year-
Picea abies years years 3 o (Juvenile seedling donor: (] y 3. Roulund, 1975
4 St Claireral., 1985
> Von Withlisch, 1984
18% (30-year-old trees) ’
? i ! R 74% (4-year-old ! ' B 1., 1996
Pinus banksiana 4 years N % (4-year-old trees) 45% (5-year-old trees) | rowne et al., 199
Pinus caribaea 4years | N/R 90% (Juvenile secdling hedges) © | N/R " Dvorak ez al., 2000 (b)
Pinus chiapensis | More difficult than P. maximinoi, P. paula and P. tecunumanii * R Dvorak et al., 2000 (c)
o ’ 19-63% (4-year-old hedges) ' B Bower and van Buijtenen, 1977
1 jottii N/R N/R N/R 5
Pinus ellioi 77% (Juvenile seedling hedges) 2 - Frampton and Hodges, 1989
. B — >80% (<3- -~ 2 1. . H
Pinus ellioutii x NR- N/R 0% (<3-year-old hedges) N/R N Haines and Nikles, 1987

Pinus caribaea

90% (Juvenile seedling hedges) |

Walker and Haines, 1991

Pinus greggii

P. greggii var. greggii is easier to propagate than var. australis and both are easier to propagate than P. paiula !

Dvorak et al., 2000 (d)

Pinus herrerae N/R N/R 86% (Juvenile seedling hedges) T N/R Dvorak et al., 2000 (¢)
Pinus jaliscana | N/R N/R' 65% (Juvenile seedling hedges)? | N/R % Dvorak et al., 2000 (a)
i

e I NR N/R 70% (Juvenile seedling hedges) ' | N/R I Dvorak ezal., 2000 (f)
maximartinezii

. o 64% (4-year-old hedges) 2 B Osorio, 1991
P N/R . N/R N/R ’

s maximinot 82-88% (1-year-old hedges) ' 2 Osorio, 1993
Pinus oocarpa N/R N/R N/R 41% (5-year-old trees) T E Easley and Lambeth, 1989
Pinus patula ‘N/A 2-3 years ! >80 (1-year-old hedges) ' 65% (3-year-old hedges) ' B Mitchell, unpublished

Pinus pinaster

Difficult due to rapid ageing '

Clarke, 1992

70% (2-year-old trees) *

11% (26-year-old trees) *

Cameron and Thomson, 1969
Clarke and Slee, 1991
Fielding, 1954

Pinus radiata 5-6 years 367 8 years > * 80% (<5-year-old trees) ¢ 40% (9-year-old trees) * * Libby and Conkle, 1966
88% (3-year-old trees) * 68% (5-year-old trees) ® % Libbyeral., 1972
¢ Menzies e al., 1985
7 Sweet and Harris, 1976
™ Foster et al., 1987
% Foster, 1988
25-95% (3 to 7-year-old hedges) 4 ’ Frampton and Hodges, 1989
. 2
Pinus iaeda 4 years I 233 7 ycars 45% (1-year-old trees) ' 28% (5-year-old trees) ! i Greenwood and Nussbaum,
69% (Juvenile scedling hedges) ® 1981
5 Greenwood, 1984
& Hamann, 1995
1.
Pinus 56-76% (1-year-old hedges) ' Dvorak e¢ al., 2000 (g)
, N/R N/R o (4 g 2 2, .
tecunumanii 80% (Juvenile seedling hedges) * -34% (d-ycar-old hedges) 4 gsorfo, :g;);
o SOTI0,
, 15% (80-year-old trees) © ' Bhella and Roberts, 1975
70% (9-year-old tress)” 25% (50-year-old trees) | % Black, 1972 '
40% (12-year-old trees) ’ Brix, 1973
Pseudots % (25-year- 7 ’
e -o “uga 8 years >3457 25 years’ 74% (25-year-old hedgcs) 45% (14 to-20-year old hedges) > | * Copes, 1992
menziesii 90% (7-year-old hedges) 3 g pes,
95% (<3-year-old trees) © 47% (10 to 13-year-oid trees) ’ s Haemann and Owens, 1972
50% (45-year-old hedges) ¢ Maschke and Weiser, 1988
60% (12-year-old trees) > 7 Roberts and Moeller, 1978
* = Cuttings were harvested from tree donors established from seed
* %

serial propagation
N/R =Not reported (no data obtained)
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Root initiation

It has also been established that the speed and method of root initiation varies with
increasing donor plant age. It is generally accepted that cuttings harvested from older
hedges take longer to root (Libby and Conkle, 1966; Foster, 1984). Studies on P. radiata
indicate that root formation from juvenile shoot material originates directly from single
parenchyma or resin duct cells (Smith and Thorpe, 1975) while root formation from
shoots harvested from mature donor plants develop from a callus arising m.ainly from the
cortex (Cameron and Thompson, 1969). This indicates that as hedge donor plants mature,
callus formation may increase before root primordia develop. Bhella and Roberts (1975)
established that root initiation in Pseudotsuga menziesii arose from a callus mass
consisting of loosely arranged parenchyma cells produced mainly in the vascular
cambium, and to a lesser extent, from phloem and xylem. In this study, no differences in
the origin and method of root initiation were observed between cuttings from different
aged donors. The youngest material used, however, was a 7-year-old sheared tree.
Increased callus production may also be as a result of other factors. Osorio (1993) reports
that up to 25% of cuttings that appear to have rooted in the rooting environment, develop
a callus without any root primordia and that this may be a physiological response due to

unfavorable propagation conditions.
Root quality

In addition to a general decline in rooting ability and length of time that it takes to root
with age, the quality of the root system, as measured by root dry mass and the number
and length of roots, also decreases (Libby and Conkle, 1966; Menzies et al., 1985;
Dooley, 1986; R.G. Mitchell, Sappi Forests Research, unpublished results). In one study,
the root quality of Larix cuttings was reported to decrease with increasing hedge age
more rapidly than the decline in rooting percent (Peer and Greenwood, 2001). Cuttings

with a poor quality root system, and poor plant condition, result in poor growth and
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survival after planting (Jacobs, 1939; Fielding, 1954; Foster et al., 1986; Ritchie et al.,'
1993).

By adjusting the rooting environment, however, some studies have shown that acceptable
plant quality can be achieved from donor hedges already showing signs of maturation.
Trials on Chamaecyparis nootkatensis established that acceptable rooting could be
obtained from older hedges by leaving cuttings for longer to root in the greenhouse and
by using bottom heat to assist with the rooting process (Russell and Grossnickle, 1989).
Brix (1973) also found that rooting of cuttings from mature Pseudotsuga menziesii
significantly improved when the root zone was heated. Reports indicate that cuttings
raised from older hedges in this manner can produce good quality plants that grow as
well as those from the more juvenile hedges (Wise, 1994). It has been observed, however,
that shoots from older hedges are more susceptible to attack by pathogens in the rooting

environment (Osorio, 1993).

Root pruning of bare rooted cuttings from older hedges has also shown to increase the '
number of roots per cutting base and an overall improvement in root quality. If roots are
removed from the callus base, new roots are formed which would not have been formed
had the original roots been left intact (Cameron, 1968). Cameron (1968) believes that the
reasons behind this phenomenon are due to the fact that actively elongating roots produce
auxins that inhibit the production of new roots, and any new root developmeht that may
be observed after planting out may be as a result of the intended, or accidental, root

pruning that occurs at planting.

Field performance

Survival

Conlflicting findings are reported regarding an increase in donor age and field survival of

P. radiata cuttings. Most studies indicate a negative effect of age on survival (Fielding,

1970; Libby and Hood, 1976; Bolstad and Libby, 1982). Own trials conducted on
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P. patula have yielded differing results. One out of four trials showed that cutting
survival declines with increasing hedge age, while three trials indicate better survival
from older hedges (R.G. Mitchell, Sappi Forests Research, unpublished results). It was
noticed that as hedge age increased in these trials, cuttings appeared more lignified and
less succulent. Comparative survival between cuttings, that are naturally more mature,
and seedlings in P. radiata (Cameron et al., 1987; Ades and Simpson, 1990) and Picea
abies (Hannerz, 2003) indicate significantly better survival with cuttings under drought
and extreme cold conditions. In these studies, the cuttings were reported to be sturdier
than seedlings, possessing thicker collar diameters, a larger, more vigorous root system
(if grown in a bare-rooted manner) and a more lignified stem. Better survival, from
cuttings harvested from older hedges, may therefore be due to these morphological

differences and not due to an increase in donor age and the effects of ontogenetic ageing.

Susceptibility to pests and pathogens

Studies on the properties of the wax on the surface of P. radiata needles have shown that
the chemical composition of the wax changes with age. Furthermore, in old trees, the
stomata can become blocked (Wells and Franich, 1977). This is thought to prevent
penetration by the needle blight fungus, Scirrhia pini and accounts for the widespread
susceptibility in young trees to virtual immunity in older (18-year-old) trees (Anon.,
1977). Studies in P. radiata show that an increase in donor maturation is correlated with
increased resistance to Dothistroma septospora (Garcia and Kummerow, 1970; Ivory,
1972; Burdon and Bannister, 1985; Ades and Simpson, 1990) and Endocronartium
harknessii (Zagory and Libby, 1985; Power ef al., 1994). Increased donor maturation has
also resulted in increased resistance to Cronartium quercuum in P. taeda (Frampton et

al., 2000).
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Tree form and shape

It appears that some maturation is beneficial in terms of improving tree form. Studies on
P. radiata indicate that cuttings from juvenile donor hedges produce fewer, shorter and
smaller branches, without any apparent loss in tree volume (Menzies and Klomp, 1988;
Faulds and Dibley, 1989). Cuttings harvested from tree-origin donors have been found to
produce better form with less taper, and fewer and smaller branches compared to hedge-
origin donors (Bolstad and Libby, 1982). Scion matérial, from 12-year-old P. radiata
tree-donors, have shown to produce trees with less branching and up to 80% less needle
dry matter, than scion material from 1-year-old tree-donors (Greenwood, 1984).
Compared to trees grown from seed, cuttings from more mature donors produce primary
branches at a more perpendicular angle to the main stem (Bolstad and Libby, 1982). It
has also been reported that cuttings, from juvenile donors, have less butt-sweep and stem
crookedness than seedlings (Burdon and Bannister, 1985; van der Sijde and Roelofsen,
1986). Studies on Chamaecyparis nootkatensis seedlings, and cuttings from 1-, 3- and 7-
year-old donors, have revealed that cuttings produce fewer multiple leaders compared to

seedlings (Karlsson and Russell, 1989).

As donor plants, whether in hedge or tree form, reach ontogenetic maturation, however,
cuttings harvested from them produce malformed stems (Roulund, 1975; Peer and
Greenwood, 2001). Trees, whilst still in a juvenile state, will continue to produce new
leaders that will replace the main leader if it is removed from the tree during its stage of
growth. However, once the tree reaches the point of ontogenetic maturation, removal of
the main leader will not stimulate it's replacement by a branch. The tree will continue to
grow without any change in orientation. This effect, observed by the horizontal growth
form of the lateral branches, is referred to plagiotropism and cuttings harvested from
parent material that have reached an irreversibly mature state may express plagiotropic
growth in the field (Roulund, 1975; Dekker-Robertson and Kleinschmit, 1991; Peer and
Greenwood, 2001).
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In many cases, cuttings harvested from recently matured donors continue to display.
plagiotropic characteristics during the early stages of field growth but display vertical
growth habits, otherwise known as orthotropic growth, after a few years. It is believed
that the change in growth habit from plagiotropic to orthotropic could be as a result of the
production of compression wood (Frampton et al., 2000). Compression wood is a
response to gravity and stress and is known to have a lower cellulose and higher lignin
content (Butterfield and Meylan, 1980). It is viewed as a serious defect in timber due to
its weaker structure. Cuttings harvested from donors in the advanced stages of
ontogenetic maturation, however, do not regain orthotropic growth patterns. A study on
Picea abies revealed that after 4 years in the field, cuttings from donors aged 6-13 years
had changed to orthotropic growth and those from donors aged 16-20 years continued to
display plagiotropic growth patterns (Roulund, 1975). By serially propagating P. abies
every 3 years for a period of 16 years (5 cycles), no plagiotropic growth patterns were
observed in the field after planting, indicating that juvenility had been maintained
through repeated serial propagation (St Clair ef al., 1985). Provided maturation is not too
severe, improvements in growth habit can occur fairly promptly. Changes from
plagiotropic to orthotropic growth patterns were observed in Pseudotsuga menziesii
cuttings during their nursery-raising period (Ritchie, ef al, 1994), and in P. taeda

cuttings, from 2,5-year-old hedge donors, soon after planting out (Frampton ef al., 2000).

Growth rate

In addition to the benefits of improving stem form and branching habits, cuttings
harvested from juvenile donor plants appear to grow as well as seedling controls
producing similar over-bark volumes. Trees from mature donors do not grow as fast,
however. The first indication that cuttings have been harvested from mature donor plants
can usually be seen by a reduction in stem diameter (Bolstad and Libby, 1982; Menzies
and Klomp, 1988; Menzies et al., 1991) but due to the improved stem form, taper and
reduction in bark thickness, however, the total utilizable volume may be greater than that
for seedlings at rotation age. In a destructive sampling study (Penman, 1988), it was

established that although P. radiata trees established from cuttings from 7-year-old
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parents were thinner (over-bark) than trees established from seedlings, there was an
overall 8% improvement in utilizable timber from the cuttings. A reduction in bark
thickness from cuttings has been reported elsewhere (Klomp and Hong, 1985). Penman
(1988) concludes that different tree volume and taper equations are needed for seedlings

and cuttings.

A study on P. radiata (Libby and Hood, 1976) compared the growth of cuttings from 7-
year-old hedges to that of the same aged tree-origin donors. In the study, it was
established that cuttings from the hedge-origin donors produced longer needles and more
branches than those from the tree-origin donors. Tree-origin donors were found to
produce more bole-volume growth per needle length however, which suggests that
cuttings from more mature donors allocate more photosynthate to bole per unit leaf areé

(Libby and Hood, 1976).
Wood quality

Studies on P. radiata cuttings show a decrease in wood density and shrinkage on air-
drying with increasing donor age (Nicholls ef al., 1976; Sweet and Harris, 1976; Burdon
and Low, 1991). A decline in wood density with age has also been observed in
P. oocarpa cuttings (Osorio, 2000). Conversely, an increase in tracheid length, spiral
grain, pith diameter and extractive content has also been reported with increasing age
(Nicholls et al., 1976; Sweet and Harris, 1976). In the study carried out by Sweet and
Harris (1976), significant clonal variation was observed, and the authors conclude that

problems such as declining wood density with age could be reduced by screening clones.

CONCLUSION
The process of maturation in coniferous tree species is a complex process that affects the

performance of rooted cuttings both negatively and positively. It appears that it is

predominantly the effects of donor age (cyclophysis) and position of the propagule on the
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donor plant (topophysis) that can be regarded as having an influence on the true
maturation state of propagules as measured by rooting frequency, root system quality and
field performance. The effects of the environment (periphysis) on donor plants are also
known to influence the performance of propagules in the nursery and after planting but
are often confused with cyclophysis and topophysis as the observed effects are very

similar.

Various techniques of arresting the maturation process have been reported. The most
common technique is to maintain the donor plant in a "hedged" state, approximately
15 cm high, in order to stimulate shoot production from the juvenile root collar region of
the stool plant. A second technique, often used in conj_unction with hedging, is that of
serial propagation. This technique involves harvesting shoot material from donor plants
and establishing new donors from the rooted cuttings. This technique is also known as
cycling or cascading and it is reported that the material undergoes a process of

rejuvenation during each cycle.

Many reports cite the most negative influence of increasing donor age as a decline in
rooting and general nursery performance. It appears that the effects of increased donor
maturation are first observed in the nursery. In one study conducted on the nursery and
field performance of P. taeda cuttings, however, cuttings from 5-year-old tree-donors
rooted equally well compared to those from 1-year-old tree-donors, but grew significantly
slower in the field after planting (Foster et al., 1987). There were reports of methods used
to overcome nursery problems associated with maturation. These included the use of
bottom heat to stimulate rooting, leaving the cuttings to root for a longer period in the
nursery and root wrenching bare-rooted cuttings in order to produce a more fibrous root

system.

The factor that has the greatest influence on cutting production is the age at which the
donor plant reaches reproductive maturity and is most commonly termed, the point of
"ontogenetic maturation”. Once a donor plant had attained this state, manipulation of the

donor to regain juvenile characteristics once more is very difficult, although through
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repeated serial propagation, some authors achieved a degree of juvenility. Once this state
has been reached, cuttings harvested from ontogenetically mature donors, display
plagiotropic (malformed) and reduced growth habits. Field performance of cuttings
derived from donor-plants that have not yet reached a state of ontogenetic maturity,
however, may surpass that of seedlings due to better stem form, thinner bark and
decreased taper. All the reviewed effects of increasing donor maturation on nursery and

field performance have been summarised in Table 2.

Table 2. Summary of the relationship between hedge age and those factors

important in conifer cutting production, establishment and growth

Factors assessed Reported effect
Nursery performance
1.1. Rooting percent Decreases with maturity
1.2. Speed of rooting Decreases with maturity
1.3. Root number Decreases with maturity
1.4. Root mass Decreases with maturity
1.5. Callus formation Increases with maturity
1.6. Time to bud break Increases with maturity
Field performance
2.1 Survival* Decreases with maturity
2.2 Pest resistance Increases with maturity
2.3. Growth rate Decreases with maturity
2.4. Growth form Improves initially, then declines
2.5. Taper Decreases with maturity
2.6. Branch thickness Decreases with maturity
2.7. Branch quantity Decreases with maturity
2.8. Branch angle Increases with maturity
2.9. Crown mass Decreases with maturity
2.10. Bark thickness Decreases with maturity
Wood quality
3.1. Density Decreases with maturity
3.2. Tracheid length Increases with maturity
33. Spiral grain Increases with maturity
3.4. Shrinkage Decreases with maturity
3.5. Extractives Increases with maturity
3.6. Pith diameter Increases with maturity

* In most cases a negative relationship existed between increasing donor age and
survival although some authors reported a positive relationship.
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Chapter VI

The effects of ontogenetic maturation in Pinus patula -

Part I: nursery performance

Mitchell, R. G., Zwolinski, J. and Jones, N. B., 2005. The effects of ontogenetic
maturation in Pinus patula — Part I nursery performance. Southern African Forestry
Journal 202: 29 — 36.

ABSTRACT

The age at which parent or donor hedges reach ontogenetic maturity has frequently been
cited as a debilitating factor in the production of conifer cuttings. This point varies
between species and prevailing environmental conditions. Among other things, a lack of
knowledge of the effects of hedge maturation in Pinus patula has resulted in reluctance
among South African foresters to plant cuttings of this species. Consequently, several
trials were established between 2000 and 2003 to investigate the effects of ontogenetic
maturation on the performance of P. patula cuttings in the nursery and field. This paper
forms the first component of a three-part series and reports on those effects observed in
the nursery. The effects of hedge maturation on field performance and cycling of P.
patula hedges as a means of rejuvenation are reported separately. An analysis of the
nursery data indicates that rooting efficiency, root system quality, and stem size and
form, all decline with increasing hedge age. A decline in root system quality was

particularly apparent and was observed prior to a decline in rooting efficiency.
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INTRODUCTION

Pinus patula is the most important softwood species in South Africa. It has historically
been propagated from seeds harvested from numerous open pollinated family trees
selected for improved growth and stem form. Seed is usually bulked together before
sowing and sown as a "family mix", and the improvement expected over unimproved
material, can be calculated by averaging the yield improvement of all families making up
the mix. Yield gains can further be improved by refining the selection process thrdugh
selecting only top performing families, and dispatching seedlings on a per family basis
(Kanzler, 2004). This method, however, restricts the quantity of seedlings available for
dispatch making it impractical for large-scale operations. A common technique employed
to overcome such difficulties is vegetative propagation of superior families through the
production of cuttings. One of the factors most limiting to the success of this method of
conifer propagation is the age at which donor plants mature. Hedge maturation refers to
the initiation of morphological changes in the mother plant, which in turn affect the
growth rate and rooting ability of cuttings (Haffner et al. 1991). The impact of this
phenomenon is known to vary between species and investigation has already shown that
maturation may occur particularly early in P. patula (de Jager, 2000). Extensive research
efforts are therefore required before vegetative propagation can be employed to mass-
produce cuttings from superior families for commercial deployment. This paper describes
the effects of ontogenetic maturation on rooting efficiency, root system quality, and stem

size and form, in P. patula cuttings during the nursery-raising period.
MATERIALS and METHODS

Between 1998 and 2001, seed was sown for the establishment of hedged plants to
determine the effect of hedge maturation on tree performance in several nursery and field
trials. Hedges were therefore raised to represent different age classes. Nursery data for
three of these trials are reported herein. For convenience, the trials are referred to as

Trials 1 to 3 (Table 1).
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Table 1. A summary of the trials: assessment dates, treatments, and characteristics
of the planting stock before planting (stem size and form) or after 45-day pot studies

(root mass and number)

Trial | Assessment

No. Date

Treatments Characteristics

o Seedling )
e Stem size
e 12-month-old hedge
1 April 2000 e Root dry mass
¢ 24-month-old hedge

¢ 36-month-old hedge

¢ Root numbers

¢ Seedling hedges over a 48-

2 April 2002 month-old nursery period .| « Rooting efficiency
hedge
e Seedling e Stem size
e 8-month-old hedge e Stem form
3 March 2003
e 20-month-old hedge e Root dry mass
¢ 44-month-old hedge e Root numbers

Raising the plant material

Hedges

Plant material, selected for hedge establishment, was obtained as seeds from open
pollinated families. Between 2 and 3 families were selected for each trial. When the
seedlings were six-months-old, they were established in well-composted pine bark in 10 1
black plastic bags, and kept in a semi-sheltered part of the nursery under 30% shadecloth.
In their seventh month, they were cut back to a height of 15 cm to establish hedges. New
shoots were selectively harvested every 4 to 6 weeks thereafter, depending on the season
and hedge age. Irrigation was applied as required depending on rainfall. Hedges were
fertilised monthly with a N:P:K water-soluble fertiliser (2:3:2 (42)) combined with 2 | of

water per bag at a rate of 1%.
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Cuttings

In all cases, cuttings were set into moist, well-composted and non-enriched, pine bark
without the application of a rooting hormone. The rooting medium was first sieved
through a 12 mm round screen to remove oversized bark particles. In all trials, the "Sappi
49" round-cavity white tray was used with individual cavity volumes of 80 ml. Before
setting, shoots harvested from all hedges of the same age class and family were bulked
together and thoroughly mixed. Once set, cuttings were placed in a fiberglass greenhouse
where they received intermittent mist to prevent desiccation, and where bottom heat was
applied in order to maintain media temperatures above 25 °C for the duration of the
rooting period. Cuttings were left to root for a period of 60 to 90 days, depending on the
season, before being removed and placed under 30% black shadecloth on raised beds
where they received routine irrigation as required. Weekly fertiliser applications
alternated between N:P:K water-soluble fertilisers in the ratio of 2:3:2 (42) and 5:2:4 (43)

at a rate of 1%.
Seedlings

Seedling controls, raised for comparative purposes, were sown in the same tray type as
those used for the cuttings, and under the same irrigation and fertigation regime. All
seedling controls were of the same genetic stock as that of the cuttings. Seedlings were
grown adjacent to the cuttings in the nursery beds during the raising period. Due to the
increased time required to raise cuttings compared to seedlings, the seedlings were sown

approximately 1 month after the cuttings had been set for each trial.
Assessing the planting stock
Plant assessments in the nursery were carried out as close as possible to the time of field

establishment. These were conducted on a separate sample of plants, which included the

cuttings derived from hedges of various ages as well as the seedling controls (Trial 1 and

95



3). The trials were assessed for rooting efficiency, root dry mass, the number of roots -

produced, and stem size and form (Table 1).
Rooting efficiency

In Trial 2, rooting efficiency was assessed over a period of 42 months from the date of
hedge establishment (48 months from sowing) by calculating rooting percentage at each

setting. Hedges were harvested between 7 and 10 times each year.

Root development

In Trials 1 and 3, a sub-set of plants per treatment (20 in Trial 1 and 30 in Trial 3) were
planted, each in 1 | bags, to assess root growth over a 45-day period. Plants were
carefully removed from the bags after this period and all growing medium was washed
from the root plug under running water. The number of roots produced from each
individual plant was then counted and carefully removed from the cutting base, or root
collar region in the case of seedlings, by using a sharp blade. Then, roots were placed into

a labeled envelope for defining their mass after drying at 70 °C for 48 hours.
Stem size and form

Prior to field planting, plants in Trials 1 and 3 were assessed for root collar diameter
(RCD) (using digital callipers) and stem height (Ht) by measuring from the base of the
stem (in line with the medium surface) to the apical bud. From these values, Biomass
Index (BI) was calculated using the formula BI = RCD? x Ht (mm) as an indication of
plant size. Cuttings and seedlings were assessed for stem form, using a separate sample of
plants to investigate whether plagiotropic growth patterns were apparent in shoots from
older hedges. This was only conducted for the treatments in Trial 3. Stem form was
scored according to four categories: 4 = Excellent, 3 = Good, 2 = Poor, and 1 = Very poor

(Figures 1 A-D).
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Figures 1 A-D. Stem form at planting. A. Excellent, B. Good, C. Poor, and D. Very

poor.

Statistical analysis

All data was subjected to an analysis of variance (ANOVA), by using Genstat 5, version
3.2% (Genstat, 1995), to analyse differences between means. All least significant
difference values (LSD) reported are based on a 5% significance level. All percentage
data was subjected to an arcsine transformation prior to analysis (Zar, 1984). Due to the
unbalanced nature of the rooting data, contrasts were used on the transformed rooting
percentages comparing the rooting obtained in years two, three and four, with that in year
one. All categorical data (number of roots and stem form values) were subjected to a
square root transformation prior to analysis (Zar, 1984). Graphical presentation of this
data is based on untransformed means. Different indices indicate significant differences
between treatments. A regression analysis, performed on the numbers of roots and root
collar diameters, was conducted after the number of roots were transformed using the
logarithmic transformation (Zar, 1984). Due to the large amount of data available from

the three trials reported on, family information was pooled in each case.

RESULTS and DISCUSSION

Rooting efficiency

The comparisons in rooting between years 2, 3 and 4, with year 1, revealed a significant

decline in rooting from hedges age three years or older (Table 2). There was a decline in
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the average rooting percent per year, since the hedges were established (Figure 2). This
observation 1s consistent with reports on rooting efficiency and donor plant age in other
conifer species (Black, 1972; Girouard, 1973; Haffner et al., 1991; Peer and Greenwood,
2001). A decline in rooting efficiency is usually cited as the first indication of the onset
of ontogenetic aging (Dekker-Robertson and Kleinschmidt, 1991) and is usually referred
to as the point at which plants would normally reach reproductive maturity (Slee and
Clarke, 1991). Support for the evidence that maturation occurs early in P. patula has been
observed in field flowering studies where trees, raised from seedlings, produced cones as
early as two years after planting (Barmes and Mullin, 1974). It is furthermore disturbing
to note that, although the hedging technique used in this study is known to postpone the
effects of maturation in other conifer species (St. Clair, et al., 1985; Peer and Greenwood,
2001), hedging appeared to have had little impact on prolonging the maturation period

beyond the age that Barnes and Mullin (1974) observed flowering in young trees.

Table 2. An ANOVA table showing the contrasts performed on the transformed

rooting percentage data obtained from Trial 2.

Source of variation d.f. (m.v.) s.s. m. s. V.T. F pr.

Year 3 13419.0 4473.0 27.09 <.001
Contrast4vs. 1 1 11924.6 11924.6 72.22 <.001
Contrast 3vs. 1 1 1117.6 1117.6 6.77 0.010
Contrast 2vs. 1 1 69.6 69.6 0.42 0.517

Residual 128 (2) 21135.6 165.1

Total 131 (2) 33191.6
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Figure 2. Mean annual rooting percent of cuttings harvested from seedling hedges

over a 48-month period in Trial 2.

Root quality

Root architecture

From the assessment carried out on the sample of plants that were bagged up (Trials 1

and 3), the number of roots produced declined significantly with increasing hedge age

(Figures 3 and 4).
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Figure 3. The number of roots per cutting from Figure 4. The number of roots per cutting from
various-age hedges in Trial 1. Treatment means various-age hedges in Trial 3. Treatment means
significantly different from one another (based on significantly different from one another (based on
transformed values) are indicated by a different transformed values) are indicated by a different

letter (p<0.05). letter (p<0.05).
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Differences in average root diameter at the point of emergence from the callus were
insignificant for the cutting treatments (Figure 5). This is most likely explained by the
significant negative relationship that existed between average root diameter per cutting
and the number of roots measured (Figure 6). The regression analysis showed that 66 %
of the variance in average root diameter is explained by the number of roots. The mean
root diameter of the single seedling root was significantly larger than the mean root

diameter of the cutting roots irrespective of hedge age (Figure 5).
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Figure 5. The average root diameter per plant at Figure 6. A logarithmic regression between the
the point of emergence measured in Trial 3. number of roots per plant and average root
Treatment means significantly different from one diameter in Trial 3.

another are indicated by a different letter (p<0.05).
Root dry mass
In addition to the declining root number, root dry mass (RDM) assessed after the 45-day

bag study further indicated a decline in the root system quality with hedge age, which

was significant in Trial 3 (Figures 7 and 8).
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Figure 7. Average root dry mass after 45-day bag Figure 8. Average root dry mass after 45-day bag
study conducted in Trial 1. Treatment means study conducted in Trial 3. Treatment means
significantly different from one another are significantly different from one another are

indicated by a different letter (p<0.05). . indicated by a different letter (p<0.05).

From this data, it would appear that root system quality, as defined by root number and
dry mass, declines more rapidly than a decline in rooting efficiency. This phenomenon
has also reported in Larix cuttings (Peer and Greenwood, 2001), suggesting that, if
cuttings from older hedges possessing poorer root systems grow slower after planting, the
maturation state of hedges may not always be correctly determined by using exclusively
rooting efficiency. A study, conducted on Pseudotsuga menziesii cuttings (Ritchie et al.,
1993), showed that a poor quality root system impacted negatively on field performance.
It could be assumed, therefore, that the significant decline in root system quality observed
in these trials at such an early age may carry over into the field, negating some of the

improvements expected due to superior genetic constitution.

Although some studies have shown that cutting quality from older hedges can be
significantly improved by manipulating nursery procedures such as implementing bottom
heat and leaving cuttings to root for longer periods in the rooting environment (Brix,
1973; Russell and Grossnickle, 1989), maturation effects may exert a greater influence
and nursery improvements will only partly resolve the issue. A study conducted on the
nursery and field performance of Pinus taeda cuttings showed that despite similar rooting
was achieved from 1 and 5-year-old tree donors and the cuttings had visibly similar root
systems, the cuttings from the 5-year-old donors grew significantly worse in the field

after planting (Foster et al., 1987).
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Stem quality

Stem size

Similar to the observations made in root system quality, a significant decline in stem
dimension was also observed with increasing hedge age (Figures 9 — 12). Seedling
dimensions in both trials tended to be smaller than cutting dimensions. This may be

explained by the fact that when cuttings are set their dimension can already be measured.
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Figure 9. Stem length measured in Trial 1 at Figure 10. Root collar diameter (RCD) measured
planting. Treatment means significantly different im Trial 1 at planting. Treatment means

from one another are indicated by a different letter significantly different from one another are

(p<0.05). indicated by a different letter (p<0.05).
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Figure 11. Stem length measured in Trial 3 at Figure 12. Root collar diameter (RCD) measured
planting. Treatment means significantly different in Trial 3 at planting. Treatment means
from one another are indicated by a different letter significantly different from one another are

(p<0.05). indicated by a different letter (p<0.03).
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Improving plant dimensions of cuttings collected from older hedges may be possible
through harvesting shoots more - selectively. The relationships between root collar
diameter and root number or root dry mass obtained in Trial 3, indicate that the root
collar diameter at planting has a significant (p<0.01) influence on root architecture as
seen by an increase in the number of roots (Figure 13) and réot dry mass (Figure 14)..
Furthermore, the relationship between root dry mass after the nursery bag study, and
plant biomass index at planting, reveal a sighiﬁcant (p<0.01) allometric relationship
(Figure 15). From this it could be postulated that as hedges mature, it may become
increasingly important to harvest shoots with a thicker stem, which in-tum would

translate into better root and shoot growth.
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Figure 13: Linear regression between the root Figure 14: Linear regression between the root

collar diameter of cuttings at planting and their collar diameter of cuttings at planting and their

root numbers 45 days after planting in Trial 3. root mass 45 days after planting in Trial 3.
3000 .

"B 25004 Y=650.25x-1338

E R =04925 °, *°°

= 2000 R™=0. oy o

)

T 1500 o

2 1000 -

E 500 -

=

0 ! v T | E— T T
0 05 1 15 2 25 3 35 4

Root dry mass (g)

- Figure 15: Linear regression between root dry
mass and plant biomass index at planting in

Trial 3.

103



Interpretation of the shoot and root measurements from different age hedges on the
effects of nursery management suggests that hedge age will impact significantly. In order
to dispatch even sized plants, hedges will require separation according to age cafegories
during the harves'ting and setting process to accommodate different raising periods.
Néglectiﬁg to do so will result in the need for additional sorﬁng processes during
production in order to dispatch even-sized plants. If this is not done, establishment
problems could be encountered when planting cuttings of different sizes. In addition, the
plan'ning.required to meet demand .placed by forésters on the. nursery for future orders,.
will further have to take into account the different growth periods as there may be as
much as a 2-month difference in the amount of time required to raise suitable sized

cuttings from the youngest to oldest hedges.
Stem form

The stem form study revealed that plagiotropic growth habits were highly prevalent in
cuttings harvested from older hedges (Figure 16). Seventy percent of all cuttings
harvested from the 44-month-old hedges produced cuttings that were categorised as
having a poor or very poor stem form. In comparison, in excess of 95% of cuttings
' harvested from 8-month-old hedges, were categorised as having a good or an excellent
stem form. The statistical analysis conducted on the transformed scores assigned to each
plant indicated that cuttings from hedges age 20-months and older, differed significantly
in their appearance (p<0.05) from seedlings or cuttings from §8-month-old hedges.
Changes from plagiotropic to orthotropic growth patterns have been reported in P.
menziesii_ (Ritchie et al., 1994) and P. taeda (Frampton et al., 2000) either during the
nursery raising period or soon after field establishment. This indicates that the poor stem
| form observed in cuttings from older hedges in these studies, may disappear after

planting.

Although needle characteristics were not assessed, it was evident during the scoring

process that cuttings classed as having a poor or very poor stem form, possessed an
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increase in the proportion of longer secondary needles and short primary needles. This

can be clearly seen in Figure 1 A - D.
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Figure 16. The proportion of stem form classes for ages assessed in Trial 3.

CONCLUSION

It was apparent that the effects of hedge maturation are manifest in cuttings harvested
from seedling hedges younger than 3 years from the date of sowing. This was evidenced
by a decline in rooting efficiency, in shoot size at planting and in root mass and
development. Furthermore, the quality of the root system, determined by a decrease in
root mass and the number of roots produced, decline before rooting efficiency
deteriorates. In'ohe trial a decline in these parameters was already apparent in cuttings .
from 20-month-old hedges. Root collar diameter was also found to influence the number
and mass of roots pfoduced, which in-turn significantly influenced shoot growth. A
practical method of improving cutting quality as hedges age, may be to harvest shoots

with greater shoot diameters.
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On the basis of the nursery data generated from these three trials, it would appear that
hedges should not be kept for a period longer than two years from the date of sowing to
ensure the production of suitable sized cuttings with a well-formed root system. Studying
the field performance of cuttings from hedges of various ages in comparison to seedlings
of the sanﬁe genetic origin will either confirm or reject this ﬁnding.. If this predisposition
to poorer performance from cuttings derived from older hedges continues to be observed
in the field, then the early maturation of P. patula will severely impact on the use of
cuttings as a .means of deployment. Teéhniques to improve on thé number of cuttings
prodﬁced from juvenile hedges, without causing increased physiological stress on the
hedge plaht, may have to bé explored to improve on the feasibility of P. patula cutting

production.

The effects of ontogenetic maturation will influence nursery policies and decision making
in a signiﬁcant way whether the window of opportunity to produce P. patula cuttings
remains two years from date of sowing or more. Raising periods will vary with hedge age
and planning and coordinating setting times to meet orders will have to accommodate this
principle. Cuttings, harvested from hedges of differing ages, will furthermore have to be
raised separately in the nursery to prevent unnecessary sorting and handling of plant

material in order to achieve plants of an even size at dispatch.
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Summary

The future mass propagation of elite families of Pinus patula by cuttings is a realistic
method of deployment if the short-term performance of cuttings and seedlings are
confirmed at harvesting. This will impact significantly on the future outlook of forestry in
South Africa as softwood yields are improved substantially through the introduction of
material of high genetic value in commercial plantings. This, however, will require
significant changes in future silviculture and other management practices as foresters and
plantation staff learn to regénerate, maintain, and schedule the harvesting of cutting

stands according to a different set of demands as a result of the change in plant type.

Contrary to operational experience, cutting survival was similar to seedling survival in all
field studies. This indicates that factors other than those that were studied and reported
on, such as planting techniques, may be contfibuting to mortality. Also, due to the
different root structure of cuttings they may be more fragile. The similar survival
observed in these trials, therefore, may have been due to the close supervision given to
the planting operations by the research staff. Although survival was similar, both plant
types survived unacceptably poorly in the majority of studies with an average stocking of
approximately 50% at one year. It is therefore anticipated that commercial stands will
require several blanking operations in order to achieve an acceptable stocking in excess
of 85% by the following planting season. The reduction in expected profitability as a
result of blanking costs, delayed establishment, and the loss of improved genetic plant
material, indicates that this is an area that still requires further research irrespective of

what plant type is being planted.

The pathogen, Fusarium circinatum, was commonly isolated from the planting stock
before and after planting in two studies. Due to its virulent nature, it was assumed that
mortality on the trees on which F. circinatum was isolated was principally due to this
pathogen. At planting all plants were observed to be healthy and free of disease
indicating that this pathogen maybe carried from the nursery to the field in a cryptic form,

either inside or outside the plant tissue, which results in the death of the newly planted
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tree. In two field studies, where F. circinatum was commonly isolated, the application of
Benomyl fungicide aﬁd to some extent the biological control agent Trichoderma
harzianum at planting appeared to improve survival although this improvement was not
significant. Laboratory studies, designed to determine alternatives to Benomyl fungicide,
indicated that three fungicides (Octave, Folicur and Tilt), three sterilants (Sporeki11®,
Prasin® and Citex®), as well as a biological control agent (1. harzianum), were all highly
successful in controlling F. circinatum colony growth in vitro. It is recommended that
these products undergo nursery testing, whefe the plant material is inéculated with F.
circinaturﬁ spores, in order to test their efficacy and possible phytotoxicity in vivo before

commercial application.

Post-planting survival was also affected by site climate. Greater temperature extremes, as
well as lower humidity and less rainfall resulted in poor survival. Plant dimension at
planting was found to interact with site quality where it was a significant factor on a poor
quality site. Optimal cutting dimensions at planting was a root collar diameter of 2.8 —
3.2 mm, and a stem h'eight greater than 7 cm at planting for cuttings produced in cavities
90 ml in volume. Optimal seedling dimensions at planting were a root collar diameter of
1.8 — 2 mm, and a stem height of 10 — 15 c¢m for seedlings produced in cavities 80 ml in

volume.

In a separate study, plant morphological criteria influenced medium-term growth, where
greater root mass and thicker cutting root collar diameters at planting improved field
growth performance for seven years after planting. A greater root mass at planting was
achieved by raising cuttings in containers that could support greater medium volume.
From the stﬁdy it was concluded that cuttings should be raised for an approximate period
of 9 months in container cavities no smaller than 80 ml in volume and possess an oven-
dry root mass of 0.3 — 0.5 g at planting. In addition to similar survival, the cuttings in this
study grew either similarly to, or in some cases out-performed, the seedlings that were

used as a control.
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Several other published studies indicate that hedge maturation poses the greatest threat to
the success of softwood cutting deployment. This is especially true in clonal forestry and
methods to maintain juvenility, such as cold storage of shoots and 'cryopresefvation,
require further research before clonal plantations of P. patula can be realised. In the
studies carried out on family hedges in this report, the effect of donor hedge maturation
was found to influence nursery management practice and the characteristics of rooted
cuttings. The nursery data indicates that rooting efficiency, root system quality, and stem
size and rform, all decline with incréasing hedge age particulaﬂy from two years after thé
date of soWing. A decline in rbot system quality was particularly épparent and was
observed prior to a decline in rooting efficiency. If field trials indicate poorer
performance from older hedges, it may be necessary to determine whether the causes are
purely ontogenetié, morphological, or both before drawing final conclusions about hedge
longevity. Until such results are known, it is recommended that P. patula cuttings should
be propagated from seedling donors maintained as hedges, approximately 15 cm high, for

a period not more than three years from the date of sowing.
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