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ABSTRACT

This study quantified the effects of different establishment practices on survival, dieback and early
growth of Juglans xintermedia NG23 and NG38 planted in a statistically designed field
experiment on glacial till in southern Sweden. Establishment practices included the use or absence
of nurse trees (Populus maximowiczii x trichocarpa var. OP42 planted one year before J.x
intermedia), weed control (2 m*tree™") and fertilization (+25 g N-tree '.year™'). NG23 transplants
were smaller than NG38 at the time of planting. The overall survival rate was 97%. NG23 suffered
marginally more mortality than NG38. Leader shoot dieback occurred in all treatment
combinations but was most severe in the presence of nurse trees. NG23 suffered less dieback than
NG38. Annual height growth of trees unaffected by dieback increased with increasing levels of
precipitation during the growing season (194-407 mm) and with increasing soil quality in terms of
nitrogen (94-1073-607-10"2 g-g™ "), base saturation (14-99%) or available soil water capacity (8.6—
30.6 I'm~3). It was negatively influenced by poplar nurse trees and positively by fertilization. Weed
control had no impact on height growth, possibly due to inefficient implementation. With nurse
trees, NG23 had stronger growth than NG38. The opposite was true without nurse trees. It was
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hypothesized that less growth and more dieback resulted from competition for water.

Introduction

Walnut (Juglans sp.) is well suited for the production of valu-
able hardwood timber and can be grown on a relatively short
rotation compared to most other broadleaved tree species of
commercial interest in Europe (Pretzsch 1995; Becquey 1997;
Ehring and Keller 2008; Mohni et al. 2009; Hemery and
Simblet 2014; Fernandez-Moya et al. 2019; Skovsgaard and
Graversgaard 2019; Nicolescu et al. 2020). Furthermore, due
to climatic change and predicted increase in temperature
the distribution of walnut is likely to expand northwards
(Hemery et al. 2010; Gauthier and Jacobs 2011).

The earliest evidence of walnut in Sweden are pollen
records dating from 600 to 700 CE (Bjérkman 2007), shell frag-
ments dating from 1000 to 1100 (Hjelmqvist 1963, 1991) and,
depending on the translation from Latin, wooden artefacts
mentioned in a medieval charter dating from 1368 (Diplomat-
arium Suecanum no. SDHK 9346; cf. Peringskiold 1719).
According to unsubstantiated anecdotal evidence walnut
was grown by Johan Petersson in the garden he (possibly)
founded at Vadstena monastery (Karling 1930, 1931;
Larsson 2014), but the earliest source of walnut actually
growing in Sweden is a handwritten note in an episcopal
household calendar compiled during 1503-1525. The calen-
dar record for 10 July that walnuts should be pickled before
they become “woody” (Brask 1525; Stobaeus 2005) indicates
that one or more fruit-bearing trees were growing locally.

Persian walnut (J. regia L) was the first walnut species
introduced into Sweden. From the 1700s onwards, eastern
black walnut (J. nigra L) and other species were also
planted (Lundquist 2007). Walnut has been grown mainly in
parks and gardens in temperate parts of Sweden, and survi-
val, growth and nut quality have been judged to be satisfac-
tory in many locations (Linnaeus 1751; Nitzelius 1946;
Lagerstedt 2000; Selin 2000).

In recent decades we have observed spontaneous natural
regeneration of walnut along forest margins and into moist
forest patches at several locations in southern and central
Sweden, wherever seed sources are nearby. Such naturaliz-
ation has also been reported from Central Europe (Loacker
et al. 2007). In Sweden, the expansion sometimes occurs
where wych elm (Ulmus glabra Huds.) or common ash (Frax-
inus excelsior L.) decline or die off. This natural spread of
walnut further testifies to its potential role in Sweden, particu-
larly in the context of climate change.

The hybrid of Persian (3) and eastern black (?) walnut, J. X
intermedia Carr., is known for strong heterosis or hybrid
vigour. More specifically, the hybrid has a superior growth
capacity, forms a straight stem and is less susceptible to
late frost and produces fewer nuts than either of its parent
species (Pretzsch 1995). In many other regards, for example
morphologically, the intermedia hybrid is intermediate
between the parents.
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For these reasons, hybrid walnut is an interesting
option for forestry, worthy of consideration on appropri-
ate sites, not least when working with assisted migration
at or beyond distributional limits, such as for walnut in
Sweden.

If planted on a larger scale than at present, timber from
walnut could potentially become a valuable niche product.
Walnut is suited to mild or warm climates, is moderately
site demanding, performs exceptionally well on deep, rich
soils, is sensitive to late frost, and is very winter hardy
(Lestrade et al. 2013). However, little is known about the
establishment or the wider context and practice of walnut sil-
viculture in Sweden. In particular, the local circumstances that
may hamper or favour the survival and growth of walnut are
so far unquantified.

Being intolerant of shading, walnut as a forest tree is
usually planted at wide spacing (often ranging from 3 to
12 m at planting) and is grown in pure rather than in mixed
stands (Becquey 1997; Mohni et al. 2009; Hemery and
Simblet 2014; Ferndndez-Moya et al. 2019; Nicolescu et al.
2020). However, research based on field experiments indi-
cates that walnut can benefit from being grown in mixed
stands, particularly with nitrogen-fixing species (Schlesinger
and Williams 1984; Campbell and Dawson 1989; Chifflot
et al. 2006; Clark et al. 2008). Moreover, nurse or companion
species may protect walnut from late spring frost, shelter
the stand-interior from wind, reduce competing ground veg-
etation and, possibly, provide other benefits.

The objective of the analyses reported here was to quan-
tify the effects of different establishment practices on the sur-
vival, leader shoot dieback and early height growth of two
varieties of the intermedia hybrid (hereafter referred to as
hybrid walnut). The analyses were based on a field exper-
iment, and the establishment practices included the use or
absence of nurse trees, nurse shrubs, weed control and ferti-
lization. Hypotheses are outlined below in connection with
each analysis.

Materials and methods

The research was carried out in an ongoing long-term field
experiment, experiment no. 1220 in the national series of for-
estry experiments conducted by the Swedish University of
Agricultural Sciences. Experiment 1220 is located at the
Bjdre peninsula in Scania, southern Sweden (WGS84:
56.4166°N, 12.7200°E). The distance to the sea (Kattegat)
varies from 5 to 7.5km in all directions going
clockwise from south to east-northeast.

We planted the experiment with the purpose to investi-
gate the short- and long-term performance of hybrid
walnut on a fertile site in southern Sweden (Skovsgaard
et al. 2015). Due to its limited geographical scope, exper-
iment 1220 can be considered only a pioneering case-
study.

The varieties of hybrid walnut in the experiment include
NG23 and NG38. The OP42 hybrid poplar clone (Populus max-
imowiczii Henry X trichocarpa Torr. & A. Gray ex Hook var.
OP42) was used as a nurse tree, and autumn olive (Elaeagnus
umbellata Thunb.) as a nurse shrub.
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Experimental design

The experiment was installed in blocks subjecting the two
types of hybrid walnut to contrasting levels (absent or
present) of nurse trees, nurse shrubs, weed control and ferti-
lization. Due to the shelter effect of nurses (trees and/or
shrubs) and its possible long-term implication, each combi-
nation of nurse trees and nurse shrubs was planted in geo-
graphically separate blocks in a 2° factorial design with the
factors “with or without nurse trees” and “with or without
nurse shrubs” (Table 1). Each combination was replicated
twice, once in a large block with 64 walnut trees and, due
to budget restrictions and limitations in land availability,
once in a small block with 24 walnut trees. Each block was
surrounded by a buffer zone with or without nurse trees
(the same as in the block).

The large blocks with 64 walnut trees were installed in a 2°
factorial design with the treatment levels (Table 2) replicated
eight times in an 8 x 8 Latin square. The randomization of the
Latin squares was done using PROC PLAN in SAS. The small
blocks with 24 walnut trees were installed in a completely
randomized design with three replicates of each treatment
level. A total of 352 walnut trees were planted across the
eight blocks.

Hybrid walnut was planted in a square pattern at a spacing
of approximately 4.24 m x 4.24 m within a matrix of poplar
trees planted at an approximate initial spacing of 3mx3 m
(Figure 1). Each walnut tree was located at the crossing of
diagonals between four poplar trees. Autumn olive was
planted at “unused” crossings of diagonals between four
poplar trees, i.e. at approximately 2.12 m x2.12 m.

Treatment specifications

Nurse trees: The intended role of the nurse tree treatment
was to shelter walnut primarily from late frost. To initiate
frost protection as quickly as possible we decided to plant
the walnut experiment within an existing stand of OP42
poplar. OP42 poplar, a very fast-growing tree in youth, was
planted in spring 2014, i.e. one year before the walnut. The
plantation was fenced. Shortly before planting of the poplar
trees, the whole area was treated with glyphosate for weed
control. At installation of the experiment in spring 2015 all
poplar trees in blocks designated for treatment without
nurse trees were removed by pulling them out of the
ground. Remaining nurse trees were removed by felling at
ground level in spring 2018. By then, walnut (mean height
=167 cm, maximum height =428 cm) had generally grown
out of the late frost zone and was, or was about to become,
overtopped by nurse trees (mean height ~ 335-685 cm,
depending on block location). Coppice regrowth shoots on
nurse tree stumps were removed in June 2019.

Table 1. Overview of whole-block treatments.

Block Nurse trees Nurse shrubs
a No No
B No Yes
Y Yes No
6 Yes Yes
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Table 2. Overview of within-block treatments.

Treatment Walnut variety Weed control Fertilization
A NG23 No No

B NG23 No +25g N
C NG23 Yes No

D NG23 Yes +25g N
E NG38 No No

F NG38 No +25g N
G NG38 Yes No

H NG38 Yes +25g N

Nurse shrubs: Autumn olive was planted on 21 April 2015.
The bareroot transplants (size 50-80 cm) were raised in a
nursery at Pinneberg north of Hamburg, Germany. Their
origin could not be traced. The intended role of the
actinorhizal nurse shrub was to enrich the soil thereby
enabling the establishment and long-term growth of
walnut. However, from 2015 to 2018 the mean height of
autumn olive increased only from 65 to 108 cm. Moreover,
widespread mortality occurred in autumn olive, by spring
2018 amounting to 23% and following the summer drought
that year dramatically increasing to 75%. A t-test of the
height growth of individual walnut trees without dieback or
damage to the leader shoot indicated no significant effect
of nurse shrubs (P=0.453) at this stage of stand develop-
ment. So, due to the short time since planting and the
distant location of nurse shrubs relative to walnut trees com-
bined with modest growth and substantial mortality, autumn
olive did not take effect within the observation period and
was excluded from the analyses.

Hybrid walnut: Walnut was planted on 31 March and 1
April 2015. The one-year-old bareroot transplants were

raised and delivered by Pépiniéres Guillot Bourne SA,
France, from their commercial nursery stock. A total of 180
trees of each of two different walnut hybrids (NG23, 0+ 1,
size class 60-80 cm, and NG38, 0+ 1, size class 80-100 cm)
were available for the experiment. Both types were of
selected half-sib seed origin. The transplants were undercut
in the nursery. Both walnut types are of unspecified French
origin.

Fertilization: Each walnut tree designated for this treat-
ment received a granulated 21-4-7 NPK fertilizer (manufac-
tured by Yara) once annually in May or June for a period of
six years (2015-2020). According to the manufacturer’s spe-
cification the fertilizer included 20.6% N (7.9% as nitrate,
12.7% as ammonium), 3.6% P, 6.6% K, 0.9% Mg and 3.0%
S. Each tree was given 121 g of fertilizer within a radius of
20 cm from the tree. This quantity equates to 25 g N. Based
on general knowledge of walnut, N was the element of key
interest, while the combination of nutrient elements
ensured a balanced fertilizer. The dose was set at 25g N
inspired by Goodman et al. (2013, 2014) and other literature
on walnut nutrition. The first application took place on 22
June 2015, i.e. shortly after planting.

Weed control: Control of competing ground vegetation
(hereafter referred to as weed control) was carried out
with glyphosate across the whole area in 2014 prior to the
planting of poplar. By spring 2015 no significant competing
ground vegetation had emerged, but quickly did so already
during that year. Weed control as part of the experimental
treatments was carried out by shielded spot spraying with
glyphosate (dose: 4 -ha™" Roundup) during dry weather on
a circular area of approximately 2 m? (radius=0.80 m)
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Figure 1. Location of walnut trees (x) among nurse trees (-) and nurse shrubs (o). One full block with 64 walnut trees (@ = plot corner (and nurse shrub)). The
distance between nurse trees is 3 m x 3 m, with rows running parallel to the black frame. The distance between walnut trees is 4.24 m, with rows at an
angle of 45° to nurse tree rows. Nurse shrubs are located at a distance of 2.12 m from walnuts, in a similar spatial arrangement.



around each walnut tree designated for this treatment.
Weed control was repeated once annually in September
for a period of three years (2015-2017). In 2015, weed
control was performed in two steps, on 16 July (mowing
of grass) and on 8 September (spraying with glyphosate).
In consecutive years, weed control was performed only by
spraying with glyphosate, on 9 September 2016 and 17 Sep-
tember 2017, respectively. A planned spraying in 2018 was
cancelled as all field vegetation was dry after an extreme
summer drought.

Site conditions and location of blocks

The experiment was established on former agricultural land
in moderately undulating terrain. Patches of ancient beech,
oak and mixed beech-oak forest are scattered over the sur-
rounding landscape (Figure 2). All blocks are surrounded by
the stand of OP42 poplar that was planted one year before
the experiment was installed.

The large blocks are located at higher elevation (approxi-
mately 90 m above sea level) with mesic soil conditions
(site 1). The small blocks are located at lower elevation
(approximately 85 m above sea level) with moist soil con-
ditions (site Il). Being located at the south-eastern base of a
gentle hill slope stocked with tall, scattered oak trees the
small blocks are better sheltered from the predominantly
westerly winds.

Soils were sampled on 2 July 2015 by taking one sample
from the centre of each block with an equal representation
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to a depth of 60 cm. In most profiles the plough layer
extended to a depth of 30 cm and did not include any
plough pan. In block ysman groundwater was visible at
50 cm and in &g, at 60 cm.

The soil analyses included pH, the chemical elements P, Ca,
K, Mg, C and Npymas Cation exchange capacity (CEC), base sat-
uration (BS), humus content and soil texture (Table 3). For the
subsequent analysis of height growth, a proxy for the
maximum content of soil water available for plants (available
soil water capacity, ASWC) was derived from soil texture and
humus content based on general pedotransfer functions.
Pedotransfer functions for Sweden (Katterer et al. 2006)
were not directly applicable, so a combination of two func-
tions for similar soil types in Himmerland, a region in northern
Denmark, was used.

ASWC is the estimated soil water content between field
capacity (pF,) and the permanent wilting point (pF,4,) and
was calculated based on Madsen and Platou (1983) as

ASWC = 2.130 x humus — 0.020 x clay,_, + 0.380
x Silta_0 + 0.164 x sandyg_z00 + 1.956 (m

where the resulting ASWC is expressed in volume percentage,
humus and texture variables are expressed in standardized
percentages (i.e. humus and texture classes add up to
100%), clay,., refers to the same clay fraction as in our soil
analysis, silt, 5o refers to the fraction 2-20 pm, and sandyg 200
refers to the fraction 20-200 um. The fractions needed to calcu-
late ASWC were derived based on simple linear interpolation.

! Oak

Figure 2. Location of experimental blocks (o, B, y and ). Legend: green interior = large blocks (site 1), yellow interior = small blocks (site II), light shading = no
nurse trees, dark shading = with nurse trees, black border = no nurse shrubs, red border = with nurse shrubs; blue arrows indicate the origin and direction of

measurements; P = parking; Paarps kyrkovédg = nearby dirt road.
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Table 3. Summary of soil characteristics at the time of planting.

Site Site | Site Il

Block uLarge ﬁLarge YLarge 6Large Osmall BSmaII Ysmall GSmaII
Humus (%) 24 18 18 18 53 2.7 6.8 129
Clay (< 2 pm, %) 9.0 8.0 8.0 8.0 10.0 8.0 85 55
Silt (2-63 pm, %) 29.0 21.0 23.0 240 29.0 27.0 285 41.0
Sand (63-2000 pm, %) 62.0 71.0 69.0 68.0 61.0 65.0 63.0 535
pH (CaCly) 45 4.6 5.1 4.7 5.0 4.4 6.0 6.3
N (1073 g/9) 122.0 113.0 94.0 106.0 253.0 138.0 347.0 606.5
N 11.6 9.4 1.3 10.0 123 1.5 8.3 11.9
CEC (meg/(10? 9)) 9.9 8.6 7.9 8.4 14.8 10.0 16.6 28.3
BS (%) 14.1 29.1 43.0 25.0 48.6 20.0 914 98.8

Notes: The concentration of individual elements is shown only for N. Legend: C = carbon, N = nitrogen, CEC = cation exchange capacity, BS = base saturation.

The local climate was believed to be very similar to that of
the LantMet climate station Glimminge-2 located at 40 m
above sea level 5.0 km south-southwest of the experiment.
During 2015-2019, the monthly average air temperature
(170 cm above ground level) ranged from —1.4 to 20.0 °C,
with daily absolute minimums down to —17.8 °C and maxi-
mums up to 32.9 °C. The annual precipitation ranged from
451 to 837 mm and the penta-precipitation during May-Sep-
tember from 194 to 407 mm (249, 261, 407, 194 and 306 mm
for 2015, 2016, 2017, 2018 and 2019, respectively).

Data collection

All walnut trees were measured for total tree height (H) at
planting and were re-measured annually during the obser-
vation period (2015-2020). Re-measurements were to the
tallest live bud and were carried out prior to initiation of
growth. Annual change in the total height of each individual
tree, hereafter referred to as annual height growth (), was
derived from these measurements.

During the early summer of 2017, a detailed retrospective
inventory of recurring leader shoot dieback was conducted.
The dieback symptoms included a desiccated tip as well as
soft necrotic tissue at the tip of or along the leader shoot. No
biotic or abiotic agent, or combination of agents, was identified.

All nurse trees were measured for total tree height and
stem diameter at 1.30 m above ground level (DBH) in
spring 2016 and 2018.

Statistical analyses

The observation period reported here included the first five
growing seasons after planting (2015-2019). The analyses
included the survival, dieback of the leader shoot, and
height growth of individual walnut trees. In addition to
these analyses, we present an inventory status for the nurse
trees at the time of their removal (spring 2018).

Throughout the analyses any variable with calendar year
as a subscript refers to either spring status or that year’s
growing season. All statistical analyses were carried out
using SAS software, version 9.4.

Nurse tree analysis

The inventory of poplar nurse trees included a test for the
statistical correlation of nurse tree height (arithmetic mean

height Hpy and maximum height Hppa., respectively) with
each of the basic soil variables.

Survival analysis

The survival of walnut was analysed by comparing across
blocks, walnut types and other experimental factors. Due to
high survival rates and little variability, no further formal
analysis or hypothesis testing was possible.

Dieback analysis

Unexpected dieback mainly of the leader shoot occurred on
many walnut trees shortly after planting and in most cases
occurred repeatedly on the originally damaged trees for
several years. No late frost damages were observed anywhere
in the experiment.

Based on the detailed retrospective inventory of leader
shoot dieback in spring 2017 we analysed to what extent
the dieback was related to block type (small vs. large, fertile
vs. less fertile), the use of nurse trees (with vs. without
nurse trees) or walnut type (NG23 vs. NG38). The analyses
were conducted as chi-square tests based on observed fre-
quencies of dieback damage originating between the time
of planting and spring 2017.

Height growth analysis

The most common recovery response to dieback was that
one or more sub-apical shoots took over, which in most
cases led to forking (branching out) immediately below the
top or further down the stem. Even when the leader shoot
would still be alive, apical dominance / epinastic control
often seemed weakened and one or more branches (lateral
shoots) tended to take over. As a result, when recording
total tree height based on the highest living point on the
tree at any re-measurement occasion, “growth” derived
from these measurements does not reflect true growth but
is confounded by factors influencing the dieback.

The growth response to experimental treatments can be
gauged only in terms of true growth (rather than in terms of
change in total tree height), i.e. annual height growth derived
from measurements of trees without dieback or damage to
the leader shoot. By autumn 2019 / spring 2020 this had
reduced the potential data set from 352 to 58 trees and had
created an imbalance across nurse tree treatments and walnut



types in the distribution of trees valid for the analysis of height
growth (cf. results section). Nevertheless, we considered the
resulting data representative of other treatment combinations
and of the variation in site conditions within the experiment.
To further corroborate this claim, row and column in the Latin
square blocks were checked for systematic effects in a prelimi-
nary analysis including all trees, and no such effects were found.

Thus, the original statistical design could not be taken full
advantage of in the growth analysis. We consequently ana-
lysed the remaining undamaged walnut trees as originating
from a randomized block experiment.

The annual height growth of walnut (/) was modelled
using a first-order autoregressive (AR(1)) model. Potential
independent variables included all experimental factors
(with walnut type, weed control and fertilization nested
within nurse tree treatment in the blocks) and, as covariates,
seedling size at the time of planting (reflecting the inherent
growth potential of each individual tree), all soil variables
(reflecting block-specific site conditions) and precipitation
during the growing season (reflecting year-to-year fluctu-
ations in water availability for tree growth).

Due to the confounding of seedling size at the time of
planting (Hyg15) and walnut type it could be argued that
only one of these variables should be included in the
regression. However, it was decided to include both H,g5
and walnut type among potential independent variables as
H,015 might then account for any dependence of I;; on orig-
inal tree size apart from that expressed through walnut
type. To possibly circumvent the problem, relative growth
rate was tested as an alternative dependent variable, but
invariably provided no better fit than Iy did.

Due to a strong correlation between most soil chemical
elements and, to some extent, soil texture variables, humus
and soil water capacity, it was decided to focus the attention
on BS (an integrative indicator of soil fertility), ASWC (an indi-
cator of the maximum quantity of soil water available for
plant growth) and N (often regarded as the most important
individual soil chemical element for walnut growth). To
avoid collinearity in the model, it was decided to fit three sep-
arate models, one for each soil variable.

The full AR(1) model may be specified as follows:

Ini = m+ap + ﬁ1 IHnj + stns + Bngt + ,84Pi + Ejj (2)

where I denotes annual height growth in any year during the
observation period, u is the overall mean, a is the level associ-
ated with one or the other nurse tree treatment within which
the randomized treatments and all other covariates are
nested, S is a soil variable (N, BS or ASWC), T are indicator vari-
ables of treatment (walnut type, weed control or fertilization),
P is the precipitation during May to September (the penta-
precipitation), B are coefficients, subscript n identifies nurse
tree treatment, subscript s identifies soil variables, subscript
t identifies treatments, and the variance-covariance structure
of g; is 0°p!l, where o7 is the variance with normally distrib-
uted errors, p accounts for the within-subject correlation
between measurements, |p| < 1, and i and j specify year and
previous year, respectively.
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All measurements were equally spaced in time (one year
apart). Given the limited number and the slight imbalance
of data available for the analyses of undamaged trees, no
interactions were included in the fitting of the models,
except those related to the presence or absence of nurse
trees. The removal of nurse trees in spring 2018 was not con-
sidered in the analyses. In other words, the effect of the nurse
treatment was included for the whole duration of the obser-
vation period. This was justified by the possible carry-over or
after-effect of shelter (whether positive or negative), a
phenomenon known for example from forest regeneration
under the uniform shelterwood system (Rowe 1964; Burschel
and Schmaltz 1965; Skovsgaard and Henriksen 1996; Lof and
Welander 2000).

The final models were derived based on stepwise back-
wards elimination (testing one term at a time, resulting in
a final model that cannot be reduced or falsified based on
data available). This is in line with the general principle of
Ockham'’s razor (“the simplest model tends to be the best”;
Skovsgaard and Vanclay 1997) and, to some extent, that of
Karl Popper’s principle of falsification for scientific reasoning
(any claim to the existence of an effect cannot be made
unless it is first shown that a situation of no effect is unten-
able; Wilkinson 2013). Covariates, treatment effects and
interaction terms were considered statistically significant
at P < 0.10.

Results
Nurse trees

The mean height of poplar nurse trees after four growing
seasons varied from 3.35 to 6.09 m depending on block
location (Table 4). In one of the small blocks the tallest
poplar tree had reached an astonishing 8.40 m. There was a
large block effect with nurse trees in small blocks being
taller than those planted in the larger more exposed blocks.

The strongest statistical correlation (r) of nurse tree height
and a soil variable was with BS, where r=0.880 (P =0.120) for
Hpp, and r=0.839 (P=0.161) for Hppax The lack of signifi-
cance may be attributed, at least partially, to the low
number of observations (n =4).

Survival

The overall rate of survival for walnut after five growing
seasons was 96.9%. By spring 2020, seven NG23 trees and
four NG38 were dead. Out of these, three NG23 trees were
located on large blocks and four on small, and two NG38
on each block type. No relationship to any other experimental
factor was noted.

Table 4. Poplar nurse tree inventory: arithmetic mean height (Hpy), maximum
height (Hpmnay), stem diameter at breast height (DBH) and stem count per block
(N) in spring 2018.

Block Hpw (cm) Hpmax (cm) DBH (mm) N (ha_1)
VLarge 335 460 22 1515
6Large 416 600 31 1577
Ysmall 685 840 74 1700
Osmall 609 790 62 1819
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Dieback

The frequency of trees undamaged by dieback of the leader
shoot was found to be two to three times greater without
nurse trees and three to four times greater for NG23 as com-
pared to NG38 (Tables 5-7). The frequency of undamaged
trees did not depend on block type, fertilization or weed
control.

Height growth

Total tree height at planting (Hp:5) varied from 51 to 90 cm
(mean =70.1 cm, s=7.6 cm) for the NG23 variety and from 68
to 147 cm (mean = 110.3 cm, s =13.1 cm) for the NG38 variety.

The number of walnut trees surviving until spring 2020
and undamaged by leader shoot dieback totalled 58 out of
341 surviving trees for the whole experiment (352 trees
were originally planted). These undamaged trees were
reasonably balanced across treatments for weed control (26
trees in untreated control vs. 32 with weed control) and ferti-
lization (33 trees in untreated control vs. 25 with fertilization),
but less so for walnut type (47 NG23 vs. 11 NG38) and nurse
tree treatment (41 without nurse trees vs. 17 with nurse
trees).

The confounding of H,¢:5 with walnut type was evident for
all as well as for undamaged trees (Figure 3). Interestingly,
many damaged trees had a substantial, positive net change
in total height over the five-year observation period, and
some even surpassed the most vigorous undamaged trees.
The largest average net change per year was about 90 cm.
Only a few trees reduced in height.

The three final AR(1) models were all similar in terms of
numeric values of the coefficients (except soil variable
coefficients), degree of autocorrelation, residual variance
and prediction error as expressed through Akaike’s

Table 5. Frequency of undamaged trees (DAMCAT = 0) and trees damaged by
dieback (DAMCAT = 1) by block type (large, small; )(2 =1.21, P=0.271), nurse
trees (no, yes; x>=12.91, P=0.0003) and walnut type (NG23, NG38; x*=
22.08, P <0.0001).

DAMCAT
0 1 Total
Block Type
Large 43 213 256
12.22 60.51 72.73
Small 21 75 96
5.97 21.31 27.27
Total 64 288 352
18.18 81.82 100.00
Nurse trees
No 45 131 176
12.78 37.22 50.00
Yes 19 157 176
5.40 44.60 50.00
Total 64 288 352
18.18 81.82 100.00
Walnut type
NG23 49 127 176
13.92 36.08 50.00
NG38 15 161 176
4.26 45.74 50.00
Total 64 288 352
18.18 81.82 100.00

Legend: count in top line, frequency percent in bottom line.

Table 6. Frequency of undamaged trees (DAMCAT = 0) and trees damaged by
dieback (DAMCAT = 1) by walnut type (NG23, NG38) conditional on nurse trees
(no: x*=15.79, P < 0.0001; yes: x> =7.14, P = 0.008).

DAMCAT
0 1 Total
Nurse trees = No
Walnut type
NG23 34 54 88
19.32 30.68 50.00
NG38 1 77 88
6.25 43,75 50.00
Total 45 131 176
25.57 74.43 100.00
Nurse trees = Yes
Walnut type
NG23 15 73 88
8.52 41.48 50.00
NG38 4 84 88
227 47.73 50.00
Total 19 157 176
10.80 89.20 100.00

Legend: count in top line, frequency percent in bottom line.

Table 7. Frequency of undamaged trees (DAMCAT = 0) and trees damaged by
dieback (DAMCAT =1) by nurse trees (no, yes) conditional on walnut type
(NG23: x> =10.21, P=0.0014; NG38: x* =3.57, P = 0.059).

DAMCAT
0 1 Total
Walnut type = NG23
Nurse trees
No 34 54 88
19.32 30.68 50.00
Yes 15 73 88
8.52 41.48 50.00
Total 49 127 176
27.84 72.16 100.00
Walnut type = NG38
Nurse trees
No 1 77 88
6.25 43.75 50.00
Yes 4 84 88
2.27 47.73 50.00
Total 15 161 176
8.52 91.48 100.00

Legend: count in top line, frequency percent in bottom line.

information criterion (Table 8). The studentized residuals
indicated some deviation from normality, and a transform-
ation with the logarithm (log(/y+ 1); not included in this
article) had a better fit. However, the results for the two
alternatives were similar. Consequently, and due to the
ease of interpretation, we preferred the model with no
transformation. The overall marginally best model was the
one using BS as soil variable.

All three models indicated a positive correlation of annual
height growth with last year’s growth. Moreover, growth
increased with increasing precipitation during the growing
season, with penta-precipitation being the statistically most
significant predictor of all those included. Likewise, increasing
levels of N, BS or ASCW (as derived from soil texture) all led to
increasing height growth, with BS being the statistically most
significant soil variable.

All three models indicated better growth in the absence of
nurse trees. For the main effect, however, the P-values were
not significant. This indicates that the effect of nurse trees
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Figure 3. Five-year change (ly5, 2015-2020) in individual tree height vs. tree height at planting (H,05) for all walnut trees (left) and undamaged walnut trees
(right). Legend: black = NG23 without nurse trees, grey = NG23 with nurse trees, red = NG38 without nurse trees, pink = NG38 with nurse trees.

Table 8. Parameter estimates and fit statistics for three alternative AR(1) models of annual walnut height growth (/) during 2015-2020 using either N, BS or ASCW

as predictor variable for soil characteristics.

Variable/Treatment NT Type Fert Model N Estimate P-value Model BS Estimate P-value Model ASCW Estimate P-value
Intercept -16.09 0.237 —-23.41 0.086 —21.28 0.134
Penta-precip 0.17 <.0001 0.17 <.0001 0.17 <.0001
N/BS/ASWC 0.060 0.018 0.48 0.001 1.24 0.030
Nurse trees No 13.51 0.346 16.28 0.233 13.77 0.341
Yes 0 . 0 . 0 .
Type (NT) No NG23 -12.84 0.098 —12.68 0.089 —12.86 0.100
No NG38 0 . 0 . 0 .
Yes NG23 0.15 0.991 2.44 0.845 0.76 0.954
Yes NG38 0 . 0 . 0 .
Fert (NT) No No —14.49 0.021 —14.55 0.016 —14.35 0.023
No Yes 0 . 0 . 0 .
Yes No —24.49 0.028 —29.81 0.007 —23.77 0.033
Yes Yes 0 0 . 0
p 0.2771 0.2442 0.2830
a? 1211.83 1173.49 1219.21
AIC 2837.0 28289 2831.6

Abbreviations and symbols: NT = nurse trees, Type = walnut type, Fert = fertilization, p = within-subject correlation between measurements, 02 = residual var-
iance, AIC = Akaike's information criterion. Units of measurement for /,: cm, for penta-precipitation: mm (i.e. the numeric value equals litre per square
metre of land area), for N: 10~ g-g~", for BS: %, for ASWC: volume percentage (i.e. 10 times the numeric value equals litre of water per cubic metre of soil

volume).

was more clearly expressed through its interaction with the
two significant treatment factors walnut type and fertiliza-
tion. The nesting effect of walnut type within the nurse tree
treatment was significant only at the 10% level. In the
absence of nurse trees, NG38 grew faster, whereas in the
presence of nurse trees, NG23 grow faster, but not signifi-
cantly so. Fertilization had a positive impact on height
growth and more so in the presence of nurse trees.

Discussion

The analyses indicated very high five-year survival rates, sur-
prisingly high frequencies of leader shoot dieback and prom-
ising height growth rates for hybrid walnut.

Nurse trees

Wind, soil fertility, or the combination of both clearly had an
impact on the growth of poplar, with larger growth in the

small blocks located in the more sheltered and fertile parts of
the area. Due to the strong growth of the poplar, the nurse
trees rapidly overgrew walnut and gradually transformed into
a low shelterwood.

The strong influence of poplar nurse trees on the growth of
walnut, naturally lead to the hypothesis of an inverse relation-
ship for height growth. Due to the widespread occurrence of
leader shoot dieback, we did not attempt to test this hypothesis.

Survival

The overall survival rate of 96.9% for walnut was very high
and exceeded all expectations. NG23 had 75% more dead
trees than NG38. However, considering the low number of
dead trees, the practical significance of the large percentage
difference can be questioned.

Similarly high survival rates of both hybrid types were
observed after five years in a field experiment planted on
former agricultural land in England (Clark and Hemery
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2010) and after approximately ten years in a large-scale oper-
ational test on forest land in the southwest of Germany
(Arnold et al. 2011; Ehring et al. 2014). In England survival
was 100% for both hybrids, in Germany it was 89% for
NG23 and 88% for NG38.

Dieback

Leader shoot dieback occurred in all treatment combinations
but most severely in the presence of poplar nurse trees. The
hybrid variety NG23 suffered less than NG38. So far, no biotic
or abiotic damaging agent, or combination of agents, were
identified. We have seen leader shoot dieback in other plant-
ings of hybrid walnut but generally far from the extent
observed in experiment 1220.

Based on these observations, we hypothesize that leader
shoot dieback may depend on hybrid variety, carry-over
effects of nursery conditions, (rough) handling in the
nursery or during storage or transportation, competition for
water (such as with nurse trees), autumn frost hardiness
(cold acclimation) or a combination of any of these.

One factor that could play a role in the dieback is the under-
cutting of the seedlings in the nursery. Walnut, and particularly
hybrid walnut, develops a strong taproot that is undercut prior
to lifting as it would otherwise become impractical to handle
the nursery stock. Lateral roots develop only weakly in the
first year of growth. As a result, the root system of a one-
year-old hybrid walnut transplant looks like a short thick
stick with few thin lateral fine roots, somewhat like the
upper part of a broken root of the cultivated western carrot
(Daucus carota (L.) subsp. sativus (Hoffm.)).

It is well-known that undercut walnut is sensitive to trans-
planting (Rebmann 1907). Planting success is mainly deter-
mined by root system morphology and the seedling’s
nutrient status. Undercutting substantially enlarges the
shoot/root ratio. This, in turn, may lead to reduced water
supply or altered tree-internal competition for water as com-
pared to a tree with undisturbed root development, resulting
in less water being available for growth in the terminal leader
shoot (Kozlowski et al. 1991; Kozlowski and Pallardy 1997).
This could help explain our result that the smaller NG23
suffered less from dieback than the larger NG38.

If the dieback were strongly related to the shoot/root ratio,
it might be expected that root system recovery over time
would gradually compensate for any imbalance in this ratio,
and the dieback would eventually disappear. No such indi-
cations were observed in experiment 1220 during 2015-
2020 but rather a recurring dieback. No root system investi-
gations were carried out to quantify root recovery.

In addition to undercutting, the quality of undercutting
and any desiccation during storage or transportation could
also play a role (Aldhous and Mason 1994). Most of the trans-
plants received for the experiment had fringed edges at the
base of the taproot and cracks in the wood extending
upwards. This could indicate a rather rough undercutting
and a subsequent larger risk of desiccation due to more
debarked or damaged tissue. We did not sort by or take
records of root system quality for individual transplants and

consequently could not analyse the possible impact of this
factor on leader shoot dieback.

The larger frequency of dieback in blocks with nurse trees
could relate to competition between poplar and walnut for
water. Alternatively, poplar could have damaged walnut
leader shoots by mechanical interference, for example due
to whipping during strong winds. However, we did not
observe any indication of such mechanical damage.

In addition to the factors mentioned above, the observed
dieback could relate to autumn frost hardiness or cold acclim-
ation. There are no investigations specifically comparing
NG23 and NG38 in this regard, but research indicates that
NG23 ranks between Persian and eastern black walnut with
Persian walnut apparently being the least hardy (Guardia
et al. 2013a; see also Ebrahimi et al. 2020) and that cold
acclimation in Persian walnut has a high degree of heritability
and correlates inversely with the growth rate of DBH (Guardia
et al. 2013b, 2016).

Finally, storage conditions (Jacobs et al. 2008), the quantity
and quality of arbuscular mycorrhiza on the hybrid walnut,
mediating nutrient uptake (Mortier et al. 2020) and asyn-
chrony in shoot and root phenological relationships
(Mohamed et al. 2020) and any disturbance in these could
possibly also contribute to the explanation of dieback.

Although leader shoot dieback is well-known among for-
esters working with hybrid walnut, the phenomenon has
received little attention in scientific literature. However,
dieback similar to the one observed for hybrid walnut in
experiment 1220 has been observed also in a large Persian
walnut progeny and provenance trial in England and was
unrelated to genetic origin (Clark 2017). Whether or not this
holds for a larger range of sites or provenances of Persian
walnut or even for hybrid walnut, remains to be tested.

Height growth

In the AR(1) model specified, treatment is a between-subjects
factor because treatment levels can change only between
subjects. In other words, measurements on each subject are
for the same treatment level. Time is a within-subject factor
because measurements on the same subject are taken at
different points in time within the same treatment level. Inter-
est lies in how treatment means change (treatment effect),
how treatment means change over time (time effect), and
how differences in treatment means change over time (treat-
ment by time interaction).

Annual height growth of trees unaffected by dieback
increased with increasing levels of precipitation during the
growing season and increasing soil quality (in terms of nutri-
ent status as well as available soil water capacity), was nega-
tively influenced by poplar nurse trees and positively by
fertilization. Weed control had no impact on height growth.
With nurse trees, the hybrid variety NG23 (which was smaller
at planting) had a stronger growth than NG38, whereas the
opposite was true without nurse trees. The correlation with
the previous year’s growth ranged from 0.24 to 0.28.

The three alternative model specifications, differing only
by soil variable, resulted in final models including the same
explanatory variables and with very similar coefficients, fit



and prediction statistics. This reflects the strong correlation
among soil variables and gives no clear indication as to
whether N (as an individual chemical element), the general
soil nutrient status (BS), or the soil water available for tree
growth (ASCW), was the most important for the growth of
hybrid walnut. However, all these strongly influenced
growth and in all cases with increasing levels leading to
more growth.

The magnitude of the effects of environmental as well as
experimental factors can be illustrated based on LS-means
estimates derived from the final model. Based on the model
using BS as an indicator of soil characteristics, we focused
on the overall LS-means estimates and those of four contrast-
ing examples (Table 9). The four examples were specified by
penta-precipitation (200 or 400 mm) and BS (20 or 90%),
reflecting dry and wet summers for poor and rich soils
derived from glacial till.

The LS-means estimates indicated an overall reduction in
annual height growth by 38% due to the presence of
poplar nurse trees. With poplar nurse trees, the estimates
indicated an increase by astonishingly 364% due to fertiliza-
tion, but still resulting in “only” 82% of the growth expected
with fertilization without nurse trees. Clearly, fertilization
compensated partially for competition for water. This is in
line with other research indicating increasing water use
efficiency with increasing fertilization (Goodman et al. 2014).

The overall reduction in annual height growth due to
nurse trees generally lingered around 16 cm for any given
combination of BS and penta-precipitation. On a relative
scale, the model predicted hybrid walnut to respond substan-
tially more to nurse trees on poor soils than on rich soils in
years with low precipitation during the growing season.
With ample penta-precipitation the overall responses with
or without nurse trees differed less.

Generally, nurse species are used in silviculture to aid the
establishment of other, more sensitive tree species. For
walnut, positive effects have been documented particularly
with nitrogen-fixing nurse or companion species (Clark
et al. 2008; Niccoli et al. 2021). Although western balsam
poplar (P. trichocarpa), the male genitor of OP42, can fix nitro-
gen, the fixation occurs not through symbiosis with nodule-
inhabiting, N,-fixing microorganisms (Doty et al. 2016) and
possibly benefits mainly itself. Clearly, in experiment 1220,
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any added nitrogen due to the presence of poplar could
not compensate walnut for the water uptake associated
with its extremely strong growth. Based on justified argu-
ments (cf. section on treatment specifications), autumn
olive was believed to not contribute significantly to nitrogen
availability for walnut and was omitted from the analyses.

LS-means estimates indicated that NG38 established
without nurse trees in dry summers is expected to grow 7.5
times more on rich soils than on poor soils, but only 2.2
times more together with nurse trees. NG23 ranges in-
between these extremes. In wet summers the expected
impact of soil fertility on height growth was only by a
factor 1.5-1.9. So, on rich soils or with more penta-precipi-
tation the growth expectations for NG23 and NG38 differed
less.

In absolute measure and within the frame conditions of
these examples, the annual height growth of NG38 was pre-
dicted to range between 5 cm (with nurse trees, dry summer,
poor soil) and 97 cm (without nurse trees, wet summer, rich
soil). For NG23, the estimates ranged between 8 and 84 cm.

Similar growth rates and similar variation were observed in
other comparable experiments. On former agricultural land in
England (Clark and Hemery 2010) and in a forest setting in
Palatinate, Germany (Mettendorf 2008), NG38 grew faster
than NG23. However, in a large-scale operational test in
Baden-Wirttemberg, Germany, including 55 plots across a
wider range of site types and all on forest land (Arnold
et al. 2011; Ehring et al. 2014), NG23 grew faster than NG38.
In Germany, the two hybrids differed marginally. In
England, NG38 was smaller than NG23 at planting (i.e. the
opposite of experiment 1220) but outgrew NG23 within five
years. It was speculated that slow establishment in general
and the difference in growth pattern could relate to the
shoot/root ratio at planting and that it takes a while for the
trees to re-balance (Clark and Hemery 2010).

In experiment 1220 it was very clear that smaller trans-
plants (NG23) grow better when subjected to competition
for water (with poplar nurse trees), and larger transplants
(NG38) grow better when not (without nurse trees). This
result adds to the interpretation of the results from
England.

The general experience that the growth of walnut declines
with increasing content of clay and silt above a certain soil

Table 9. Overall LS-means estimates and LS-means estimates for different combinations of penta-precipitation (200 or 400 mm) and BS (20 or 90%) for the AR(1)

model using BS as indicator of soil characteristics.

Variable/Treatment NT Type Fert Overall estimate Combi-estimate Combi-estimate Combi-estimate Combi-estimate
Penta-precip 283.40 200 200 400 400
BS 31.66 20 90 20 90
Nurse trees No 42.6 22.8 56.3 56.7 90.5
Yes 26.2 6.5 40.3 40.4 74.2
Type (NT) No NG23 36.2 16.5 50.3 50.4 84.2
No NG38 489 29.1 63.0 63.0 96.9
Yes NG23 27.4 7.7 41.5 416 754
Yes NG38 25.0 52 39.1 39.1 73.0
Fert (NT) No No 353 15.5 49.4 49.4 83.2
No Yes 49.9 30.1 63.9 64.0 97.8
Yes No 1.3 -84 254 254 59.3
Yes Yes 41.1 214 55.2 553 89.1

Abbreviations and symbols: NT = nurse trees, Type = walnut type, Fert = fertilization. Units of measurement for LS-means estimates of /,;: cm, for penta-precipi-
tation: mm (i.e. the numeric value equals litre per square metre of land area), for BS: %.
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texture optimum or with waterlogging (Becquey 1997; Fer-
nandez-Moya et al. 2019) could not be demonstrated within
our experiment. In the large-scale experiment in Germany,
waterlogging as well as low pH impeded growth and mor-
tality was higher (Arnold et al. 2011; Ehring et al. 2014). In
contrast, height growth in our experiment correlated strongly
with penta-precipitation (ranging from 194 to 407 mm). This
is consistent with the notion that summer precipitation
should not fall below 150 mm for Persian walnut (Giannini
and Mercurio 1997; Mohni et al. 2009). Other than these
general statements we found no specific quantification in
the literature for either of the two types of hybrid walnut
regarding the influence of soil quality or summer
precipitation.

Consistent with the LS-means estimates for walnut type,
the estimates for fertilization ranged between -8 and
98 cm. The negative value was for no fertilization with
nurse trees and points to a caveat in the model specification
or in the data available for model derivation. The gain in
annual height growth due to fertilization was predicted to
range from approximately 15 to 30 cm, depending on the
specification of environmental conditions.

We did not investigate the impact of different fertilization
doses and consequently cannot advise regarding any dose-
response optimum whether in terms of growth, allocation of
growth (stem vs. roots), cost effectiveness or ecological sus-
tainability. However, the dose applied in our experiment
(25 g N per tree) had the largest photosynthetic efficiency in
an experiment with eastern black walnut in Spain (Goodman
et al. 2014). Moreover, any fertilization shifted biomass allo-
cation away from stem to root biomass (Goodman et al. 2013).

Interestingly, weed control had no influence on the
growth of hybrid walnut in this experiment. We attribute
this to three characteristics of the weed control carried out:
1. it spanned only a radius of 0.8 m around each walnut
tree, 2. it was initiated (too) late in the first year, and 3. the
dose applied was too small to kill or significantly reduce com-
peting ground vegetation.

In the large-scale experiment in Germany, grass impeded
height growth and led to more losses of the main stem axis
(Arnold et al. 2011; Ehring et al. 2014). This is consistent
with our observed response to competition for water in
terms of growth as well as dieback frequency. This lends
support to our conjectures regarding the absent effect of
weed control in experiment 1220. Possibly, the hybrid
walnut in our experiment were all subjected to relatively
high levels of competition for water from uncontrolled
ground vegetation, resulting in less growth and more dieback.

The positive and significant correlation of annual height
growth with the previous year’'s growth quantified parts of
the carry-over effect of environmental conditions from year
to year and of the genetically inherent growth potential
which could not otherwise be accounted for, for example
through initial tree height. For the growth of (young) trees,
the temporal correlation among within-subject measure-
ments generally tends to decrease with increasing time lag,
as specified in our AR(1) models.

The strong influence of soil quality and summer precipi-
tation observed within this experiment is typical of many

walnut species. Consistent with its strong heterosis or
hybrid vigour, hybrid walnut responds strongly to less
optimal conditions such as when growing on poor soil (low
BS, low ASWC) or when exposed to summer drought (low
penta-precipitation).

Stem quality

In addition to a growth reduction or, rather, a reduction in the
net change of tree height, dieback of the leader shoot may
severely disturb monopodial growth, leading to unintended
early branching out and loss of continuity in the formation
of a single straight stem. From a timber production perspec-
tive, loss of the main vertical axis is a key problem.

In 2020, we conducted a complete inventory of stem
quality in experiment 1220 and identified potential future
crop trees (Juravle 2020). Based mainly on absence of
forking (branching out) and on stem straightness we ident-
ified a total of 54 potential future crop trees. No spatial
requirements regarding the minimum distance between
potential future crop trees were considered, i.e. all trees
were considered on equal terms. NG23 accounted for
approximately two-thirds of the selected cohort. There was
an almost complete overlap between undamaged and poten-
tial future crop trees. In a wider perspective, this cohort of
trees (the 54 individuals without dieback symptoms) could
potentially be a promising material for breeding purposes,
selected under local environmental conditions.

The main problem was forking or, in other words, the lack
of a single main stem. NG38 had fewer branches than NG23,
and the diameter of the thickest branch on each tree was
larger for NG38. Similar observations were made in an exper-
iment in the southwest of Germany, but only 5% of the trees
had lost their main stem axis (Arnold et al. 2011; Ehring et al.
2014).

In hybrid walnut, leader shoot dieback and the associated
loss of apical dominance in the main stem quickly leads to
one or more lateral branches competing for and taking
over apical dominance. This relates to the growth behaviour
of walnut. The undisturbed stem of a juvenile walnut tree has
a monopodial development (quoted from Sabatier and
Barthélémy 2001 and Solar and Stampar 2003) while lateral
shoots are weaker and in a subordinate position. In some
cases, the main stem develops lateral branches in the same
growing season of its extension (Sabatier and Barthélémy
2001).

Combined with the strong and rapid growth of hybrid
walnut, this means that the time frame for identifying and
“correcting” for the gradual weakening or loss of leader
shoot through formative pruning or tying-up of a lateral
shoot to substitute the leader, is quite limited. No such forma-
tive shaping was attempted in experiment 1220 during 2015-
2020. Nevertheless, considering the expected final spacing of
potential future crop trees in walnut for timber production,
typically 50-60 trees per ha, the impression by May 2022
was that there were enough high-quality trees within the
experiment and that, due to the dynamics of a lateral shoot
taking over as leader shoot, the number of potential future



crop trees is not diminishing at this stage of stand
development.

Conclusions

The combination of high survival rates, promising growth
rates (depending on soil and climate) and the occurrence of
severe and widespread leader shoot dieback makes it
difficult to form a firm conclusion. Survival and growth indi-
cate that hybrid walnut could perform well on glacial till
soils in southern Sweden. With less dieback, the potential of
NG23 clearly exceeds that of NG38. With more dieback,
OP42 poplar should not be used as a nurse for hybrid
walnut. The dieback indicates that there is a problem to
solve or circumvent before hybrid walnut can be rec-
ommended on a larger scale.

It is not clear at this stage, to which extent the dieback
problem should be solved in the forest, in transit procedures,
in the nursery, or whether it will vanish with increasing age.
Regardless of the solution or outcome, it is essential to carefully
choose the cultivar and a matching site and to provide inten-
sive care during the first years after planting of hybrid walnut.

Due to its limited geographical scope, experiment 1220
can be considered only a pioneering case-study. We
suggest to further investigate a wider range of walnut
species and varieties (including other types of hybrid
walnut), the possible role of water availability (irrigation),
the possible role of weed control (complete control) and, as
a mean to possibly circumvent or alleviate the dieback
problem, stumping-back of transplants already at planting
(to improve the shoot/root ratio).

To investigate these factors, we initiated a new field exper-
iment in Sweden replicated on a wider range of site types and
including detailed recordings of nursery stock quality (Skovs-
gaard et al. 2023). However, more fundamental research is
also needed, and we encourage continued and reinforced
efforts on the potential role of walnut in northern temperate
parts of Europe in the context of climate change and forest
adaptation.

Acknowledgements

We gratefully acknowledge the Granlund family for making land available
for the experiment and Yara AB for fertilizer support. Our brief review of
the history of walnut in Sweden benefitted substantially from discussions
with Bjorn Wistrom (Swedish University of Agricultural Sciences), Leif
Bjorkman (Viscum pollenanalys & miljchistoria), Richard Bradshaw (Uni-
versity of Liverpool), Claes Gejrot (Swedish National Archives), Per Sto-
baeus (University of Lund) and Jorg Brunet (Swedish University of
Agricultural Sciences). Comments from five anonymous reviewers
helped improve the pen-ultimate draft of the article.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Experiment 1220 and the research reported were supported by Stina
Werner's Foundation 2013-2015 and 2019-2021.

SCANDINAVIAN JOURNAL OF FOREST RESEARCH e 327

References

Aldhous JR, Mason WL. 1994. Forest nursery practice. For Comm Bull. 111:
I-XI1,1-268.

Arnold E, Frank R, Hein S, Ehring A. 2011. Croissance, qualité et mortalité
du noyer hybride sur différentes stations dans le Bade-Wurtemberg
(Allemagne). Rev For Francaise. 63:425-434.

Becquey J. 1997. Les noyers a bois. Les guides du sylviculteur IDF, Paris.
3rd ed. 144 pp.

Bjorkman L. 2007. Fran tundra till skog. Miljoférandringar i norra Skane
under jagarstenaldern [From tundra to forest. Environmental change
in  northern  Scania during the Mesolithic]. Stockholm:
Riksantikvariedambetet. 223 pp.

Brask H. 1525. Household calendar of Linkdping-bishop Hans Brask.
Registrum Ecclesiae Cathedralis Lincopiensis, 345 pp. Compiled by
several scribes during 1503-1525. https://www.alvin-portal.org/alvin/
view.jsf?pid = alvin-record%3A12535&dswid = 2828.

Burschel P, Schmaltz J. 1965. Die Bedeutung des Lichtes fiir die
Entwicklung junger Buchen. Allg Forst Jagdztg. 136:193-210.

Campbell GE, Dawson JO. 1989. Growth, yield, and value projections for
black walnut interplantings with black alder and autumn olive. North J
Appl For. 6:129-132.

Chifflot V, Bertoni G, Cabanettes A, Gavaland A. 2006. Beneficial effects of
intercropping on the growth and nitrogen status of young wild cherry
and hybrid walnut trees. Agrofor Syst. 66:13-21.

Clark J. 2017. Experiences with growing common walnut. Quart J For.
111:194-197.

Clark J, Hemery G. 2010. Walnut hybrids in the UK: fast growing quality
hardwoods. Quart J For. 104:43-46.

Clark JR, Hemery GE, Savill PS. 2008. Early growth and form of common
walnut (Juglans regia L.) in mixture with tree and shrub nurse
species in southern England. Forestry. 81:631-644.

Diplomatarium Suecanum SDHK. 9346. Notarial certificate dated 29
September 1368. Held at The Swedish National Archives. https://sok.
riksarkivet.se/bildvisning/Sdhk_original_9346ex1.jpg.

Doty SL, Sher AW, Fleck ND, Khorasani M, Bumgarner RE, Khan Z, Ko AWK,
Kim S-H, DeLuca TH. 2016. Variable nitrogen fixation in wild Populus.
PLoS ONE. 11(5):e0155979. doi:10.1371/journal.pone.0155979.

Ebrahimi A, Lawson SS, McKenna JR, Jacobs DF. 2020. Morpho-physio-
logical and genomic evaluation of Juglans species reveals regional
maladaptation to cold stress. Front Plant Sci. 11:229. doi:10.3389/
fpls.2020.00229.

Ehring A, Arnold E, Frank R, Hein S. 2014. Anbauversuch mit franzdsischen
Hybridnussbaumen. FVA-einblick. 2011/1:18-22. [accessed 2017 April
23]. http://www.waldwissen.net/waldwirtschaft/waldbau/wachstum/
fva_hybridnuss/index_DE.

Ehring A, Keller O. 2008. Nussbdume zur Wertholzproduktion. LWF
Wissen. 60:30-35.

Ferndndez-Moya J, Urbdn-Martinez |, Pelleri F, Castro G, Bergante S,
Giorcelli A, Gennaro M, Licea-Moreno RJ, Santacruz Pérez D,
Gutiérrez-Tejon E, et al. 2019. Silvicultural guide to managing walnut
plantations for timber production. Report from ‘Woodnat - Second
generation of planted hardwood forests in the EU'. 2nd ed. 81 pp.

Gauthier M-M, Jacobs DF. 2011. Walnut (Juglans spp.) ecophysiology in
response to environmental stresses and potential acclimation to
climate change. Ann For Sci. 68:1277-1290.

Giannini R, Mercurio R. 1997. Il noce comune per la produzione legnosa.
Avenue Media. 220 pp.

Goodman RC, Oliet JA, Pardillo G, Jacobs DF. 2013. Nitrogen fertilization
of black walnut (Juglans nigra L.) during plantation establishment.
Morphology and production efficiency. For Sci. 59:453-463.

Goodman RC, Oliet JA, Sloan JL, Jacobs DF. 2014. Nitrogen fertilization of
black walnut (Juglans nigra L.) during plantation establishment.
Physiology of production. Eur J For Res. 133:153-164.

Guardia M, Charrier G, Vilanova A, Savé R, Ameglio T, Aleta N. 2016.
Genetics of frost hardiness in Juglans regia L. and relationship with
growth and phenology. Tree Genet Genomes. 12:83.

Guardia M, Diaz R, Savé R, Aleta N. 2013a. Autumn frost resistance on
several walnut species: methods comparison and impact of leaf fall.
For Sci. 59:559-565.


https://www.alvin-portal.org/alvin/view.jsf?pid=alvin-record%3A12535%26dswid=2828
https://www.alvin-portal.org/alvin/view.jsf?pid=alvin-record%3A12535%26dswid=2828
https://sok.riksarkivet.se/bildvisning/Sdhk_original_9346ex1.jpg
https://sok.riksarkivet.se/bildvisning/Sdhk_original_9346ex1.jpg
https://doi.org/10.1371/journal.pone.0155979
https://doi.org/10.3389/fpls.2020.00229
https://doi.org/10.3389/fpls.2020.00229
http://www.waldwissen.net/waldwirtschaft/waldbau/wachstum/fva_hybridnuss/index_DE
http://www.waldwissen.net/waldwirtschaft/waldbau/wachstum/fva_hybridnuss/index_DE

328 J.P. SKOVSGAARD ET AL.

Guardia M, Savé R, Diaz R, Vilanova A, Aleta N. 2013b. Genotype and
environment: two factors related to autumn cold hardiness on
Persian walnut (Juglans regia L.). Ann For Sci. 70:791-800.

Hemery G, Simblet S. 2014. The new Sylva. London: Bloomsbury. 390 pp.

Hemery GE, Clark JR, Aldinger E, Claessens H, Malvolti ME, O’connor E,
Raftoyannis Y, Savill PS, Brus R. 2010. Growing scattered broadleaved
tree species in Europe in a changing climate: a review of risks and
opportunities. Forestry. 83:65-81.

Hjelmquvist H. 1963. Fran och frukter fran det dldsta Lund [Seeds and fruits
from the most ancient Lund]. Archaeologica Lundensia. 2:233-
270,297-299.

Hjelmqgvist H. 1991. Nagra tradgardsvaxter fran Lunds medeltid
[Some garden plants from medieval Lund.]. Sven Bot Tidskr. 85:225-
248.

Jacobs DF, Wilson BC, Ross-Davis AL, Davis AS. 2008. Cold hardiness and
transplant response of Juglans nigra seedlings subjected to alternative
storage regimes. Ann For Sci. 65:606.

Juravle S. 2020. Hybrid walnut: results from a five-year field trial in south-
west Sweden 2015-2020. MSc Thesis, Swedish University of
Agricultural Sciences, Southern Swedish Forest Research Centre,
Alnarp. 59 pp. https://stud.epsilon.slu.se/16029/.

Karling S. 1930. Vara éldtsta tradgardar [Our oldest gardens]. Lustgarden.
11:19-58.

Karling S. 1931. Tradgardskonstens historia i Sverige intill le Notrestilens
genombrott [The history of garden art in Sweden until the break-
through of the le Notre-style]. Stockholm: Bonnier. Xl + 656 pp.

Katterer T, Andrén O, Jansson P-E. 2006. Pedotransfer functions for esti-
mating plant available water and bulk density in Swedish agricultural
soils. Acta Agric Scand B Soil Plant Sci. 56(4):263-276.

Kozlowski TT, Kramer PJ, Pallardy SG. 1991. The physiological ecology of
woody plants. San Diego(CA): Academic Press. XIX + 657 pp.

Kozlowski TT, Pallardy SG. 1997. Physiology of wood plants. San Diego
(CA): Academic Press. 2nd ed. XIV + 411 pp.

Lagerstedt L. 2000. Méarkestrad i Sverige (1). Juglans, Castanea, Platanus
och Liriodendron [Special trees in Sweden (1). Juglans, Castanea,
Platanus and Liriodendron]. Lustgarden. 80:31-38.

Larsson I. 2014. Syster Botilda i Varfruberga kloster och broder Johan Petersson
i Vadstena kloster - fakta eller fiktion? [Sister Botilda in Varfruberga monas-
tery and Brother Johan Petersson in Vadstena monastery - fact or fiction?].
Sveriges Lantbruksuniversitet, Fakulteten for landskapsarkitektur,
tradgdrds- och véxtproduktionsvetenskap, Rapport. 25:181-188.

Lestrade M, Becquey J, Coello J, Gonin P. 2013. Autecology of the
common walnut (Juglans regia L.), black walnut (Juglans nigra L.
and hybrid walnut (Juglans x intermedia). In: P. Gonin, editor.
Autecology of broadleaved species. Paris: IDF. 68 pp.

Linnaeus C. 1751. Skénska resa [Scanian travel]. Stockholm: Salvius. XIV +
468 pp. (multiple paginations).

Loacker K, Kofler W, Pagitz K, Oberhuber W. 2007. Spread of walnut
(Juglans regia L) in an Alpine valley is correlated with climate
warming. Flora. 202:70-78.

Lof M, Welander NT. 2000. Carry-over effects on growth and transpiration
in Fagus sylvatica seedlings after drought at various stages of develop-
ment. Can J For Res. 30:468-475.

Lundquist K. 2007. Kultur- och tradgardsvaxter i naturen - kulturhistorisk
botanik [Cultural plants and garden plants in nature - cultural history
botany]. In: T. Tyler, K.-A. Olsson, H. Johansson, M. Sonesson, editor.
Floran i Skdne. Arterna och deras utbredning. Lund: Lunds Botaniska
Férening; p. 63-98.

Madsen HB, Platou SW. 1983. Land use planning in Denmark: the use of
soil physical data in irrigation planning. Nord Hydrol. 14:267-276.
Mettendorf B. 2008. Anbau von Juglans-Hybriden. AFZ-Der Wald. 16:858-

861.

Mohamed A, Monnier Y, Mao Z, Jourdan C, Sabatier S, Dupraz C, Dufour L,
Millan M, Stokes A. 2020. Asynchrony in shoot and root phenological
relationships in hybrid walnut. New For. 51:41-60.

Mohni C, Pelleri F, Hemery GE. 2009. The modern silviculture of Juglans
regia L.: A literature review. Die Bodenkultur. 60:21-34.

Mortier E, Lamotte O, Martin-Laurent F, Recorbet G. 2020. Forty years of
study on interactions between walnut tree and arbuscular mycorrhi-
zal fungi. A review. Agron Sustain Dev. 40:43. doi:10.1007/s13593-
020-00647-y.

Niccoli F, Danise T, Innangi M, Pelleri F, Manetti MC, Mastrolonardo G,
Certini G, Fioretto A, Battipaglia G. 2021. Tree species composition
in mixed plantations influences plant growth, intrinsic water use
efficiency and soil carbon stock. Forests. 12:1251. doi:10.3390/
f12091251.

Nicolescu V-N, Rédei K, Vor T, Bastien J.-C, Brus R, Bencat T, Bodan M,
Cvjetkovic B, Andrasev S, La Porta N, et al. 2020. A review of black
walnut (Juglans nigra L.) ecology and management in Europe. Trees.
34:1087-1112.

Nitzelius T. 1946. Juglans. | svenska parker och tradgardar forekommande
valnétsarter och nagot om deras hardighet [Juglans. Walnut species in
Swedish parks and gardens, with notes on their hardiness].
Lustgarden. 27:101-128.

Peringskiold JF. 1719. Monumenta Ullerakerensia cum Upsalia nova
illvstrata. Stockholm: Horrn. 352 pp.

Pretzsch H. 1995. Juglans regia Linnég,
Holzgewdchse. 111(2):1-16.

Rebmann KF. 1907. Juglans regia und Juglans nigra. Mitteilungen der
Deutschen Dendrologischen Gesellschaft. 16:187-209.

Rowe JS. 1964. Environmental preconditioning, with special reference to
forestry. Ecology. 45:399-403.

Sabatier S, Barthélémy D. 2001. Annual shoot morphology and architec-
ture in Persian walnut. Acta Hortic. 544:255-264.

Schlesinger RC, Williams RD. 1984. Growth response of black walnut to
interplanted trees. For Ecol Manag. 9:235-243.

Selin E. 2000. De gotlandska valnotstraden [Walnut trees on Gotland].
Gotlandskt Arkiv. 72:173-190.

Skovsgaard JP, Graversgaard HC. 2019. Silviculture of minor tree species.
Are they valueless, valuable or invaluable? Skoven. 51:160-162.

Skovsgaard JP, Henriksen HA. 1996. Increasing site productivity during
consecutive generations of naturally regenerated and planted
beech (Fagus sylvatica L) in Denmark. Eur For Inst Res Report.
5:89-97.

Skovsgaard JP, Johansson U, Englund J-E. 2015. Hybrid walnut: effects of
nurse trees, nurse shrubs, weed control and fertilization on the survi-
val and growth of different varieties of Juglans x intermedia in
Sweden. SLU experiment no. 1220 at Paarp 19:6, Vastra Karup district,
Béastad municipality. Southern Swedish Forest Research Centre, Field
Experiments in Silviculture, Establishment Report. 5:1-15.

Skovsgaard JP, Johansson U, Englund J-E, Muraro L. 2023. Walnut: effects
of weed control, stumping back and irrigation on the survival and
growth of Juglans cinerea, J. regia, J. mandshurica, J. ailantifolia, J. x
intermedia and J. major x regia in Sweden. Southern Swedish Forest
Research Centre, Field Experiments in Silviculture, Establishment
Report. 6:1-X.

Skovsgaard JP, Vanclay JK. 1997. Evaluating forest growth models. Ecol
Modell. 98:1-12.

Solar A, Stampar F. 2003. Genotypic differences in branching pattern and
fruiting habit in common walnut (Juglans regia L.). Ann Bot. 92:317-325.

Stobaeus P. 2005. Biskop Hans Brask: bade patriotisk och internationell.
Diocesis Lincopensis. 2:168-213.

Wilkinson M. 2013. Testing the null hypothesis: the forgotten legacy of
Karl Popper? J Sports Sci. 31:919-920.

1753. Enzyklopdadie der


https://stud.epsilon.slu.se/16029/
https://doi.org/10.1007/s13593-020-00647-y
https://doi.org/10.1007/s13593-020-00647-y
https://doi.org/10.3390/f12091251
https://doi.org/10.3390/f12091251

	Abstract
	Introduction
	Materials and methods
	Experimental design
	Treatment specifications
	Site conditions and location of blocks
	Data collection
	Statistical analyses
	Nurse tree analysis
	Survival analysis
	Dieback analysis
	Height growth analysis

	Results
	Nurse trees
	Survival
	Dieback
	Height growth

	Discussion
	Nurse trees
	Survival
	Dieback
	Height growth
	Stem quality

	Conclusions
	Acknowledgements
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


