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Abstract Effective breeding requires multiplying desired
genotypes, keeping them at a convenient location to perform
crosses more efficiently, and building orchards to generate
material for reforestation. While some of these aims can be
achieved by conventional grafting involving only rootstock
and scion, topgrafting is known to deliver all in a shorter
time span. In this study, Scots pine scions were grafted onto
the upper and lower tree crowns in two clonal archives with
the aim of inducing early female and male strobili produc-
tion, respectively. Their survival rates and strobili production
were analyzed with generalized linear mixed models. Sur-
vival was low (14%) to moderate (41%), and mainly affected
by the topgraft genotype, interstock genotype, crown posi-
tion and weather conditions in connection with the grafting
procedure. Survival was not affected by the cardinal position
in the crown (south or north). Male flowering was ample
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three years after grafting and reached 56% in the first year
among live scions, increasing to 62 and 59% in consecutive
years. Female flowering was scarce and was 9% at first, later
increasing to 26 and 20% of living scions but was strongly
affected by the topgraft genotype. In one subset of scions,
female flowering was observed 1 year after grafting. Overall,
flowering success was mainly affected by the topgraft and
interstock genotypes, and secondary growth of scions. This
is one of few reports on topgrafting in functional Scots pine
clonal archives.

Keywords Pinus sylvestris - Conifer breeding - Flowering
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Introduction

Predictable quality of tree crops can be achieved by deploy-
ment of tested material in seed orchards (Kroon et al 2011).
Information from the tested material also allows for the
assessment of selection effectiveness and realization of long-
achieved genetic gain (Danusevi¢ius and Lindgren 2004).
Testing of selected phenotypes occurs through assessment
of field performance of progeny from controlled crosses, but
to cross plants in a controlled and well-organized way, all
genotypes should be available within one location (Kang and
Bilir 2021). Scions also need to come from larger, ontoge-
netically mature trees to be able to produce flowers (Ahuja
and Libby 1993). However, the first flowering years can be
highly variable in the number of flowers (Nikkanen and
Ruotsalainen 2000). Thus, phenotypic selection for new
accessions and their testing requires convenient access to
genotypes and methods that reduce the flowering time of
mature material.
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Grafting is an ancient technique of vegetative plant
propagation that originated in horticulture and was adapted
to conifers (Jinks 1999; Mudge et al 2009). By assembling
different genotypes together, grafting reduces the mainte-
nance costs and logistics, and modifies production (Miller
and DeBell 2013; Loewe-Muiioz et al 2022). Topgrafting,
(also known as top-working), is a variation of a grafting
technique where scions are grafted onto a combination of
interstock and rootstock that have different genotypes, as
opposed to normal grafting, consisting of two genotypes—
rootstock and a scion. The resulting union consists of three
parts—rootstock, interstock, and scion, each representing a
separate genotype (Almqvist and Ekberg 2001).

The advantage of topgrafting is the shortened time to
first flowering—ranging from 1 to 4 years after the grafting
procedure (Greenwood and Gladstone 1978; Bramlett and
Burris 1995). Reproductive competence of mature interstock
is transferred via flowering signals (genes related to flower-
ing initiation that are already expressed in the tissues of the
interstock) to scion genotypes that carry desirable traits (Ma
et al 2022) which promote early flowering, even in juvenile
scions (Almgqvist 2001). At the same time, more traditional
grafting with only two genotypes does not guarantee a such
shortening in generation time (Simak 1978), mainly due to
the much smaller size of rootstocks (Philipson 1987).

Thus, topgrafting not only combines, multiplies and
archives valuable genotypes but also overcomes the long
juvenile phase so that sufficient yearly flowering of desired
genotypes is ensured within a reduced time (Bramlett 1997;
Miller and DeBell 2013). Currently, topgrafting is a produc-
tive option in advanced breeding strategies that contributes
to the progress of tree breeding programs worldwide (Harf-
ouche et al 2012). Examples include the radiata pine (Pinus
radiata D. Don) breeding program in New Zealand and
the loblolly pine (Pinus taeda L.) breeding program in the
southeastern US (Li and Dungey 2018; Isik and McKeand
2019). It can be used both at the planning stage to create
new clonal archives and seed orchards, and to preserve tree
genotypes economically, thus allowing great flexibility of
breeding (Zobel and Talbert 1984).

However, in breeding programs at the northern parts of
a species’ distribution range, topgrafting is also used for
flowering induction on ontogenetically older scion material.
In the Scots pine (Pinus sylvestris L.) breeding program in
Sweden, normal grafts reduce the breeding cycle but still
require 10—15 years until first flowering (Kroon et al 2009).
Topgrafting have produced the first female flowers within a
much shorter time than normal (Almgvist 2013b). However,
experience in topgrafting has shown that vital grafts are only
produced with a limited number of genotype combinations.
This indicates the possible influence of interstock genotype
on grafting success (Melchior 1984; Schmidtling 1991), for
example, of loblolly pine (McKeand and Raley 2000), slash
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pine (Pinus elliottii Engelm.) (Medina Perez et al 2007) and
Scots pine (Almgqvist and Ekberg 2001; Almqvist 2013b).
Topgrafting has generally been unsuccessful in inducing
early flowering in species like Norway spruce, even when
interstocks flowered regularly (Almqvist 2013a).

The importance of studying the interstock effect is due to
its influence on the topgraft—scion genotypes for a particu-
lar breeding program which may change, depending on the
breeding objectives, but the interstock part forms the crown
and remains as part of the tree despite these changes (Kang
and Bilir 2021). Therefore, interstock interactions may pose
a serious bottleneck in the process of breeding and conclu-
sive outcomes of experiments. The extent of these effects
and their interactions determine the prerequisite for building
an archive with a broad, combining capacity for many breed-
ing programs. So far, topgrafting reports on Scots pine are
scarce and best practice is still inconclusive as to what the
main factors that determine topgrafting success.

The aim of this study was to determine the role of inter-
stock genotypes in topgrafting success for Scots pine in cur-
rent clonal archives in northern Sweden. The particular focus
was to understand whether interstock genotype governs the
outcome of topgrafting success solely or in combination, and
potentially—interaction, with the topgraft genotype. Addi-
tionally, we aimed to assess whether there was a difference
in survival rate and type of flowers produced between crown
positions and geographic orientation within the crown. To
answer these questions, topgraft vitality and strobili pro-
duction was assessed in two clonal archives with relation to
topgrafting, interstock genotypes, geographic position, and
compared topgraft vitality and flowering between the two
archives where scions were topgrafted in different parts of
the crown.

Materials and methods
Topgraft archives

The trees for grafting were located in two functioning clonal
archives that belong to the currently running breeding pro-
gram, located in Sdvar, northern Sweden (63°89” N 20°55”’
E) and referred to as the male and female archives. In the
female archive, topgrafts were made on upper crowns of
small (~ 1.5 m) grafted trees established in 2013 with the
aim to promote female flowering. In the male archive, top-
grafts were made in relatively large (=5—6 m) grafted trees
in a clonal breeding archive established in 1992 and made
in the lower crown with a high presence of male flowers.
Interstock donor trees in the female archive were more than
150 years old at the time of scion collection and 50-80 years
old in the male archive. In both archives, interstock donor
genotypes originated from northern parts of Sweden (Fig. 1;
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Fig. 1 Map of interstock genotype origin

Table S1). One interstock genotype in the female archive
belonged to a congener species—bog pine (Pinus mugo
Turra). There were no records on the rootstock genotypes.
Topgraft donor trees were either young (= 20 years; grafted
in 2020 in the female archive) or mature (x~45 years; grafted
in both archives in 2017) at the time of scion collection.
Topgrafting of scions in the female archive was carried
out in 2017 and 2020. In 2017, 816 scions belonging to 47
unique topgraft genotypes were grafted on to 21 unique

Fig. 2 Venn diagram describ-
ing the experiment setup

interstock genotypes. In 2020, 405 scions from 133 new
unique topgraft genotypes were grafted into this archive on
11 interstock genotypes that had the highest survival in the
previous grafting procedure. In this archive, the topgrafts
with interstock genotypes were randomly distributed among
22 plots, each consisting of four rows with five trees per row
within six blocks, with each interstock genotype replicated
five times.

Experimental design in the grafting archives

Grafting in the male archive was performed in 2017 and
45 unique topgraft genotypes were grafted on to 24 unique
interstock genotypes. In this archive, the interstock geno-
types were planted in one row with 2—3 ramets of the inter-
stock genotype and without any other allocated design
effects.

The same 45 topgraft genotypes were used in both
archives in 2017 (Fig. 2), and the new set of topgraft geno-
types used for grafting in 2020. Topgraft genotypes were
randomized in pairs on three different interstocks in the
female archive and two different interstocks in the male
archive. Each topgraft genotype was represented within
a tree crown with three scions (except for four genotypes
grafted in 2020 represented by one scion). Trees in both
male and female archives were pruned.

Data processing

The topgrafts from 2017 were evaluated yearly from 2019
to 2022, 2-5 years after grafting. In 2019 only survival was
recorded. The topgrafts from 2020 were assessed in 2021
and 2022, 1-2 years after grafting.

The following variables were recorded: survival of
scions (binary: O—dead, 1-alive), the number of male or

Grafting experiments in Sévar archives

Set of 24 45 21 interstock 11 best 133 new
genotypes interstock | common 47 topgraft | performing | topgraft
topgraft interstock
Sampling size N =516 N =816 N =405
Grafting year 2017 2017 2020

Type of flowers/Crown
position

ot g ¥
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Table 1 Data, divided into the subsets in relation to the archive type,
grafting year, and the year of observation

2020 2021 2022
Male archive A B C
Female archive—2017 D E 1 F J
Female archive-2020 G H

The subsets I and J unite grafts in male and female archives from
2021 to 2022, respectively

female flowers per scion, a binary variable—flowering
success (binary: O—no flowering, 1-flowering), the total
number of flowers of any type per scion and grafting side
within the crown in the male archive (orientation either
south or north part of the crown). The frequency of suc-
cessful flowering of the interstock was recorded in the

Fig. 3 Survival and flowering
results in the female archive.
Survival is represented by

the number of scions surviv-
ing in the female archive in
2019-2022 as bars (light grey
for scions grafted in 2017, dark
grey for scions grafted in 2020).
Flowering is represented as the
number of scions that produced

250

150

Total number of survived scions - grafting year 2017
® Total number of survived scions - grafting year 2020
200 — 4 Number of flowered scions - grafting year 2017 -
® Number of flowered scions - grafting year 2020

female archive as a binary variable (“+” for successful
flowering and “~” for unsuccessful) for all blocks and was
also recorded as a number of cones in one block.

The data were divided into subsets according to the
type of the archive, year of grafting and year of assessment
(Table 1). Analysis was performed on subsets C, F, H and
J (which corresponds to the subset “common topgrafts”
mentioned in the Fig. 2), and data from the subsets A-I
were summarized in Figs. 3, 4, 6, 7 and 8. To enable analy-
ses of the binary data and prevent singularities, datasets
were pruned to remove interstock and topgraft genotypes
that only produced dead scions.

Survival of scions, number of male/female flowers, total
number of flowers, flowering success were the response
variables and analyzed using a generalized linear mixed
model (GLMMs). The following models were fitted with
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Fig. 4 Survival and flowering results in the male archive. Survival is
represented by the number of scions surviving in the male archive in
the north and south sides of the archive in 2019-2022 as bars. Flow-
ering is the number of scions that produced male strobili in the male
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archive, north and south side in 2020-2022 and depicted as lines.
Numbers on the bars represent the percent of surviving scions in the
male archive to the total number of grafted scions, irrespective of the
geographic side
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mixed (1) or random effects (2) to analyze survival of top-
grafts in the subsets C, F, H, J:

Yy=u+b+c +e, (D

where, y,, is the dependent value (topgraft survival); u
is the overall mean; b, is the main effect of the interstock
genotype (i=1,.., 21); ¢, is the random effect of the topgraft
genotype (t=1, ..., 47); e, is the error term. *For the subset
J, model 1) was extended with the model term f, which is the
main effect of side (north or south side in the male archive,
or “none” in the female archive), and applied in models with
topgraft survival and total number of flowers as response
variables.

Yy=u+b+c +e, (@)

where, y;, is the dependent value (topgraft survival, num-
ber of male/female flowers); b, is the random effect of the
interstock genotype (I=1,.., 21; I=11); c, is the random
effect of the topgraft genotype (r=1, ...,47;t=1, ..., 133).

Models were specified by applying binomial models with
binary variables as response variables, or Poisson distribu-
tion models with categorical variables as response variables,
the logit or log-link function, increased number of iterations,
and “bobyqa” optimizer within the model specification.
Significance of random effects was verified via a likelihood
ratio test between a model with the random effects and a
model without. All modelling procedures were performed
in R package “Ilme4” (Bates et al 2015) and performed in R
studio v 4.2.3 (R Development Core Team 2024).

Results
Topgraft survival

The model with the interstock genotype as a main effect
showed that in the subsets C and F several interstock geno-
types had a significant negative effect on topgraft survival
(Figs. S1 and S2). In the subset H, several interstock geno-
types had a significant effect on survival of topgrafts and
one genotype had a positive effect, compared to the subset
F. Effect sizes are summarized for all subsets in Tables S4,
S5, S6 and Figs. S1 and S2.

A model fitted with only random effects showed that sur-
vival of scions in 2022 depended on genotypes of interstock
and topgraft almost equally in the subsets C and H, mostly
on interstock in the subset F, and mostly on topgraft geno-
type in the subset J (Table 2). According to the model sum-
mary of a mixed model for the subset J, topgraft genotype
explained three times more variance (Table 3). Fixed effects
of this mixed model detected no significant improvement
of survival of scions located in the south side of the crown.

The opposite side of the crown, the north side, negatively
affected the survival of scions (Table 3).

Overall, mortality was high but the dynamics of the two
archives was different. Survival of scions in the female
archive grafted in 2017 was low but barely decreased by
the end of the experiment (Fig. 3). Among all 816 scions
grafted that year, 14.6% (or 119) survived in 2019, 14.3%
in 2020 (SD=0.98), 14.0% in 2021 (SD=1.03), 13.9% in
2022 (5 years after grafting; SD=1.03). Survival among
the 405 scions added in 2020 was higher (Fig. 3): 41.7%
(169 scions; SD=1.37) survived in 2021 and 41.2% in 2022
(2 years after grafting; SD=1.47).

Survival of scions in the male archive was low at the
beginning of the observations and continued to drop
throughout the period of recording (Fig. 4). Of the 516
grafted scions, 86 scions (or 16.7%) survived in 2019
(2 years after grafting), 12.4% in 2020 (SD=0.81), 9.7% in
2021 (SD=0.67), and 9.1% in 2022 (5 years after grafting;
SD=0.83).

Low survival limited the possibilities to fit models with
the main effects of both interstock and topgraft genotypes,
and it was not possible to assess interactions between the
genotypes directly. Survival was greater in the second graft-
ing procedure, but the number of newly introduced topgraft
genotypes was too high to assess possible interactions.

Topgraft strobili production

Low survival and scarce flowering in some subsets did not
allow direct estimation of the interaction between topgrafted
and interstock genotypes, nor the estimation of main effect
models. Output from the random effect models assessing two
different flowering-related variables exhibited similar parti-
tioning of variance: for subsets F and H, variance explained
by interstock genotype was almost 10 times greater than
those explained by topgraft genotype in both binomial and
Poisson-based models. A similar trend appeared for sub-
set J where the interstock genotype variance explained the
majority of the random effects part, although the difference
between variances of random effects was smaller in the Pois-
son model. Differences emerged for variance explained by
interstock genotype in the subset C in binomial and Poisson-
based models, where the former showed greater variance
explained by interstock genotype, but the latter had similar
variances for both random effects. The mixed model fitted
to subset J also showed similar variances for both random
effects. The results of a likelihood-ratio test determined that
random effects for the subset J were significant in models
assessing flowering because their removal led to a model
with less explanatory power.

Scions grafted in 2017 in both archives started produc-
ing flowers in 2020, three years after grafting, but the scale
was considerably different between female and male archives

@ Springer
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Table 2 Summary of models

. Response variable ~ Subset Random effects Model summary
fitted with only random effects
assessing survival (binomial), Variance  Std. Dev  AIC BIC logLik  Deviance Df.resid
flowering success (binomial),
and number of flowers (Poisson) Survival C IG1.305 1.143 230.7 2373 -1134 2267 196
in 2022 TG 1.446  1.202
F IG 1.667  1.291 551.7  560.1 -—2738  547.7 490
TG 0.552 0.773
H 1IG 0.084  0.290 4144 4218 -2052 4104 295
TG 0.00  0.000
J 1G0.350  0.591 767.5 7765 —=381.7 7635 688
TG 1.929 1.388
Flowering success C 1G 3.868 1.967 200.7 2072 —98.3 196.7 196
TG 0.438 0.662
F IG 13.947 3.735 2943 3027 -—-145.1 290.3 490
TG 2334 1.528
H IG13.82  3.717 167.8 1715 —-829 165.8 296
TG - -
J 1G7.342  2.710 425.1 4338 -2105 4211 577
TG 1.283 1.133
Number of flowers C 1G2.673  1.635 476.0 4825 -236.0 472.0 196
TG 2281 1.510
F IG11.83  3.439 867.7 876.1 —4319  863.7 490
TG 6.65 2.579
H IG 18.023  4.245 269.0 2764 —1325  265.0 295
TG 1.374 1.172
J IG 6.564  2.562 1241.8 1250.6 -618.9 1237.8 577
TG 5.128  2.265
IG Interstock genotype, TG Topgraft genotype
Table 3 Summary .Of mixed Model Fixed effects Random effects Model summary
effects models applied to the
subset J Estimate (Signif. Level) Variance AIC BIC logLik  deviance Std. Dev
Survival ~ Side N-1.541 (**¥) 1G0.138 7314 7541 -360.7 7214 685
Female archive 0.198 TG 0.406
Side S 0.311
Flowering Side N-2.612 (***) 1G 2.640 10723 1095.0 -531.2 1062.3 685
Female archive 0.711 TG2.914

Side S 0.481

Significance codes: “**%” 0.001, “*** 0.01, “** 0.05, *.” 0.1

(Figs. 5, 6 and 7). Scions grafted in the female archive in
2020 started producing flowers in 2021, one year after
grafting.

In the subset of scions grafted into the female archive
in 2017, 11 out of 117 living topgrafts (9.4%) flowered
and produced 18 flowers three years after grafting in 2020
(Fig. 6). By 2021, four years after grafting, 30 scions out of
114 living topgrafts (26.3%) produced 80 flowers. In 2022,
five years after grafting, 23 scions out of 113 living top-
grafts (20.3%) produced 101 flowers. Interstock flowering
was regular for most of the grafts, although the differences

@ Springer

in the cone number suggest yearly dynamics, based on cone
counts in block 1, and show that the least number of cones
on the interstock was produced mainly in 2020. The aver-
age number of strobili per scion increased each year: 1.63 in
2020, 2.67 in 2021, and 4.39 in 2022. The maximum number
of strobili per scion was 4.0 in 2020 and 16.0 in both 2021
and 2022. Male flowers produced by the scions in this subset
were 3.0 in 2020, 18.0 in 2021, and 149.0 in 2022.

Among the 169 scions grafted in 2020 that survived, five
(2.9%) flowered and produced seven female flowers in 2021,
one year after grafting. In 2022, nine scions (5.4%) flowered
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Fig. 5 Survival and strobili
production of topgrafts on dif-
ferent interstocks in the male
archive. The percentage of
surviving topgraft genotypes
per interstock genotype is on the
y-axis and depicted with three
bars in descending order—per-
centage of survived topgraft
genotypes in 2020, 2021 and
2022. Strobili production is
represented as three graph lines
corresponding to percentage of
flowered topgraft genotypes on
interstock genotype in 2020,
2021 and 2022. Interstock geno-
types that were associated with
only dead topgrafts are omitted
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Fig. 6 Survival and strobili
production of topgrafts on dif-
ferent interstocks in the female
archive in 2017. The percentage
of surviving topgraft geno-
types per interstock genotype
is represented on the y-axis
and depicted with three bars in
descending order—percentage
of surviving topgraft genotypes
in 2020-2022, respectively.
Strobili production is repre-
sented as three graph lines
corresponding to percentage of
flowered topgraft genotypes on
interstock genotypes in 2020—
2022, respectively. Interstock
genotypes associated with only
dead topgrafts are omitted
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and produced 14 female flowers. Flowering scions were
associated with three interstock genotypes (Fig. 7). Both
the average and the maximum number of strobili per scion
increased slightly in this subset by 2022, two years after
grafting. The average number of strobili per scion started
from 1.4 in 2021 and was 1.55 in 2022; the maximum num-
ber per scion was two in 2021 and three in 2022. Male flow-
ers produced by the scions in this subset were 30 in 2021
and 47 in 2022.

For the male archive in 2020, three years after grafting,
36 live topgrafts (56.2%) flowered out of 64 surviving
and produced 77 strobili (Fig. 5). This number changed to
32 topgrafts (62.7%) that produced 77 strobili four years

a Survival 2020
a Survival 2021

)

Flowered scions per genotype on interstock clone (%)

a Survival 2022 % Male strobili 2021

A Male strobili 2020 ® Male strobili 2022
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92-061
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Survival 2021
Survival 2022
Female strobili 2020
Female strobili 2021
Female strobili 2022
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%
~
W

—0

84
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1194
1196

3018
Flowered scrons per genotype on interstock clone (%)

*
2037 =) *
1180 E/ \*

1022
1190
1015
1027
3028
1031 |

after grafting in 2021, and later to 28 flowering scions
(59.6%) that produced 100 male strobili in 2022. Almost
all topgraft and interstock genotypes that produced flow-
ers in 2020 flowered in 2021 and 2022. The average num-
ber of pollen clusters per topgraft was 2.13 in 2020, three
years after grafting, 2.41 pollen clusters in 2021 (four
years after grafting), and 3.57 five years after grafting in
2022. The maximum number of pollen clusters per top-
graft was seven, both in 2020 (three years after grafting)
and 2021, and 14 pollen clusters in 2022 (five years after
grafting). Female flowers produced by the scions in this
subset were three in 2020, 18 in 2021, and 14 in 2022.
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Fig. 7 Survival and strobili

production of topgrafts grafted :\’ 100

on different interstocks in the o T
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percentage of surviving topgraft © 80 —
genotypes per interstock geno- 5
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BD1015
BD1190

Discussion and conclusion
Survival

Grafting success in conifers is usually moderate to high
(Pérez-Luna et al 2020, gwierczyﬁski et al 2020), and low
rates similar to our results, (especially in the subsets B, C,
F), are unusual. These results could be attributed to both
factors considered in the study (scion position and orienta-
tion within the tree crown) as well as those not considered.
Success rates may depend on the grafting season (Pérez-
Luna et al 2019; Lawson 2020), particular the grafting tech-
nique (Barrera-Ramirez et al. 2021), age of donor plants
(Pérez-Luna et al 2019; Velisevich et al 2021), pre- and post-
grafting status of plants and management of the new grafts
(McKeand and Jett 2000; Larson 2006), and genetic affinity
(Schmidtling 1983; Darikova et al. 2011).

Success rates are also expected to be affected by the inter-
actions (Jayawickrama et al 1997; Almqvist and Ekberg
2001) or incompatibility (Darikova et al. 2011; Susilowati
et al 2016) between the genotypes involved, which unfortu-
nately, due to the low survival did not allow for testing. It
is of considerable practical significance to select interstock
genotypes with a broad ability to form stable union of tis-
sues with various scion genotypes and to secure stability
and flexibility of the breeding efforts. Using the topgrafts
with some degree of genetic relation to interstocks might be
helpful (Copes 1973).

Topgrafting, (as with any other grafting technique), relies
on functioning biochemical communication between geno-
types (Ferndndez de Simoén et al 2021; Feng et al 2024),
which infers the possibility of interactions not only between
interstock and topgraft, but also with the rootstock (Jaya-
wickrama et al 1997). A review of grafting techniques in
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loblolly pine suggests that resistance of the rootstock geno-
type to local pathogens is essentially the only genetic cri-
terion of serious consideration (McKeand and Jett 2000;
Larson 2006). This conclusion may reflect the importance
of the ability of the rootstock genotype to withstand exter-
nal stressors and thus contribute to the health of a grafted
tree, as has been shown in Norway spruce and loblolly pine
grafting studies (Schmidtling 1983; Melchior 1984). In our
experiment, there were no records on rootstocks; further
studies would benefit from keeping such records and taking
potential effects into consideration.

The difference in survival rates between the subsets F
(13.8%) and H (41.2%), C (9.1%) and F could be attributed
to weather conditions and to repeated grafting with only the
best performing interstocks. Harsh weather after grafting in
early spring 2017 slowed down growth initiation and could
have reduced the opportunity for quick appearance of the
contact layer and successful tissue reconnection, important
steps in callus formation and restoring the flow of metabo-
lites (Weatherhead and Barnett 1986).

Second, interstock genotypes in the female archive that
only produced dead topgrafts after grafting in 2017 (1176,
1195, 3028) were excluded in 2020, and the number of new
unique topgraft genotypes was expanded. Testing more top-
graft genotypes on interstocks to detect the most productive
ones is the common recommendation (Almqvist and Ekberg
2001; Medina Perez et al 2007). The increase in survival
from 14 to 41% (Fig. 3) verifies the importance of interstock
genotype and the utility of this strategy, although we expect
weather to have had the largest impact.

The discrepancy in survival between the subsets C and
F can arise partly due to the placement within the crown.
The top position is an important factor for survival, as
established in previous grafting experiments, which
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suggests that the middle to high crown areas have a better
chance for growth because interstock branches are thinner
and do not differ substantially in size from scions (Medina
Perez et al 2007). Simak (1978) found that crown position
and the presence or absence of the top shoot created dif-
ferent outcomes on survival and growth of scions of Scots
pine. Lower positions in the crown are also more vulner-
able to disturbance from equipment (ladders, lifts), and
there is a tendency for pines to lose lower branches with
age due to lower hydraulic properties (Protz et al 2000),
hence the lower scion survival in this part of the crown.
While the scions in the female archive were mainly in the
upper crown, the trees were not tall, and the crowns were
not well developed in the beginning of the experiment in
2017, so the branches were of comparable size with the
grafts and allowed the scions to form a stable mechanical
union with their interstock.

Additionally, such properties of interstock genotypes as
latitudinal origin may have played a role in survival (Karls-
son and Woods 1992). Many of the previous grafting studies
with Scots pine used provenances with stocks originating
from milder climates (south-eastern and southern Sweden
and Germany) (Dormling 1962; Simak 1978; Almqvist and
Ekberg 2001; Almqvist 2013b). There are clear differences
in the growth rhythms between southern and northern Scots
pine populations in Sweden, where the latter grow slower
and shorter than their southern counterparts (Oleksyn et al
1999; Andersson Gull et al 2018). When transferred south to
milder locations, northern genotypes exhibit enhanced scion
survival due to earlier dehardening and the onset of growth
further exaggerated by the upper crown position. Anatomi-
cal studies established that the differences in such traits as
total resin duct area, or density of resin ducts, may have a
key significance for robust tissue connection (Darikova et al.
2011; Susilowati et al 2016; Castro-Garibay et al 2023), and
that stock re-growth is usually rapid so branches selected for
grafting should be smaller than the scion (Dormling 1962).
Consequently, the top position within the crowns of early
dehardening and slow growing northern clones may have
created an advantage for survival.

From a practical perspective, it might be useful to test
different tying and/or sealing materials in combination with
various grafting techniques, particularly those that allow
deeper insertion of the scion into the interstock, to find those
that prevent desiccation but also provide more support to the
fragile union between the scion and interstock (Humphrey
2019), and apply treatments such as heat (Ho 1991). Since
both archives studied are included in current breeding activi-
ties, there were limited possibilities to manipulate the exper-
imental design, and some of the noted factors are surprising
(crown position, tree size, origin of interstock genotypes and
type of archive, age of interstock donor and type of archive).
For more conclusive results, further research is needed.

Finally, while the binary values of vitality were used to
increase the number of useful observations, they did not dis-
tinguish the most vigorous scions from less healthy ones,
and there is still a degree of oversimplification in assess-
ments. By the end of the field observations in July 2022, the
most vital topgrafts in the female archive developed into
vigorous branches within the grafted tree crowns, with abun-
dant, healthy foliage, and some were almost unproportion-
ally large and easily seen from a distance; whereas many of
scions in the male archive were still short, had scarce foliage
and rough, poorly healed grafting scars.

Flowering

Despite the scarcity of data, some general patterns were
observed, namely the discrepancy between the extent of
flowering in the male and female archives, the induction
of flowering one year after grafting in subset I, and more
consistent contribution to flower production in some topgraft
genotypes in subsets [ and J. Ample male flowering aligns
well with the results of earlier studies, but the stark discrep-
ancy between male and female archive flowering is uncom-
mon. In general, grafting experiments gain moderate to high
results in terms of induction of both female and male flowers
(Gooding et al 1999; Lott et al 2003; Almqvist 2013c) and
reduce the time to reproduction (Loewe-Muifioz et al 2022).

In our experiment, the extent of variation among gen-
otypes is greater than yearly variation, especially in the
female archive: some interstock genotypes were responsi-
ble for most of the flowering within their respective archive
every year, whereas the majority induced strobili on their
scions only occasionally (Figs. 5, 6, 7). These observations
mirror previous results that revealed substantial genetic vari-
ation of flowering behavior (in terms of number and sex ratio
of produced flowers) in the genus Pinus (Schmidtling 1983;
Ying et al 1985) and in Scots pine in particular (Bilir et al
2006, 2008). It should also be noted that the observation
period was rather short (three to five years) and a long-term
study may clarify which factor prevails.

Some topgraft genotypes in our experiment were the
vigorous and prolific in producing both male and female
flowers (Fig. 8). Similar variances in subset J may indicate
that the role of the topgraft genotype is important in the
number of flowers produced. Almgqvist and Ekberg (2001)
and Almgqvist (2013b) encountered an effect of genotype
interaction on flowering in Scots pine, where the interac-
tion was significant for female flowering but not for male
flowering Their conclusions might help to explain ample
flowering in the subset C (male archive) and scant output
of all subsets from the female archive. Due to generally low
survival and scarce flowering in the female archive, we were
unable to test for the main effect of the topgraft genotype and
the interaction between genotypes, and statistical results to

@ Springer



111 Page 10 of 13

A. Heuchel et al.

(a) Performance of topgraft genotypes in the female archive
[
8 4
g
3 8 -
§ * 16-142 m
5 o
B O 7
g
3
b5}
R
=
o "ie-119

T I T T T T
0 20 40 60 80 100

Survival, cumulative sum

(b) Performance of topgraft genotypes in the male archive
<
<
. 16-133m gy o
n
3 o | 16-137
g - "
g 16-132
g o " 16-142 m
g 7
o
£ - | 16-140 m ® 220
3 - 82-009
— | ]
S 4 n % -
T T T T
0 20 40 60

Survival, cumulative sum

Fig. 8 Relationships between survival and flowering of 45 common topgraft genotypes grafted in 2017 in the male (a) and female (b) archives

as a cumulative sum over three years of observation

verify or disprove its presence were lacking. Indirect support
for potential interactions may be the successful interstock-
topgraft combinations that produced flowers in 2020 also
flowered in 2021 and 2022 (Figs. 5 and 6).

The relationships summarized in Fig. 8 might also indi-
cate that female flower production is more resource demand-
ing, thus a greater cumulative sum of vitality was associ-
ated with prolific female flowering. Experimental excision
of developing female flowers in grafted Aleppo pine (Pinus
halepensis Mill.) caused an increase in female flowering
the year after, suggesting a reproductive cost for scions
(Santos-del-Blanco and Climent 2014). Flowering initiates
when available resources are sufficient, and yearly flower
production would keep them continuously at a low level
while extreme weather such as drought would further reduce
resource allocation to reproduction (Fober 1976; Mutke et al
2005a; He et al 2018). All of these, combined with the influ-
ence of crown position in topgrafting, could help explain the
greater vigour and scarcer flowering in the female archive in
our study. The poor weather conditions following grafting
in 2017, together with an unusually hot and dry summer of
2018, likely affected bud initiation and limited female flow-
ering in 2020. The small increase in female flowers produced
in the male archive supports the conclusion of greater cost
of female flowers, compared to the large increase in male
flowers produced in the female archive, which rose to 149
by the end of the observation period.

An alternative explanation to the discrepancy between
male and female flowering may be an age-specific (or spe-
cies-specific) sex ratio of scions (Ahuja and Libby 1993) and
tree size (Greenwood et al 2010). Size of the grafted tree, its
crown width and number of branches were positively cor-
related with flowering in a Scots pine study in Finland (Nik-
kanen and Velling 1987). These results might support the
role of tree size from the female archive and that taller trees
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in the male archive had on flowering (Philipson 1987)—the
latter flowered abundantly even when scions exhibited signs
of incompatibility and had lower vitality. If greater resources
for female flower production are indeed required, the inter-
play of crown position and tree size, topgraft genotype, and
weather conditions may be possible factors shaping female
flowering output.

In subset I, female flowers appeared one year after graft-
ing, however the number of flowers and genotypes that
flowered were very low. This suggests that, even if it were
possible to stimulate the scion to flower earlier, a substan-
tial degree of individual variation in female flowering will
still be present, thus the least productive genotypes might
benefit from additional flowering induction techniques and
treatments (Bonnet-Masimbert 1987; Wheeler and Bramlett
1991; Almgqvist 2018; Li et al 2021) to carry out the entire
crossing scheme.

Properties of interstock genotypes (such as latitudinal and
perhaps altitudinal origin, see Table S2) in this study may
have had an impact on the outcome of grafting and flower-
ing induction. Previous observations of the flowering behav-
ior of interstocks and their capacity to induce flowering in
the topgrafts did not find any correlation between the two
(Almgqvist and Ekberg 2001). Regular flowering of the inter-
stocks and some fluctuations due to year were detected and,
possibly, the interstock genotype. The practical advice is to
not rely on interstock flowering as a sole criterion of choice.

Latitudinal origin of northern interstocks may have been
advantageous in terms of survival, but flowering behavior
is usually more complex (Crain and Cregg 2018), especially
for female flower production. Experience from grafting in
Scots pine shows that the seed set in ramets that originated
from northern Sweden and were grafted in different parts
of the country was highly variable and prediction of cone
set was limited (Tellalov 2006). Pollen production in Scots
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pine also decrease with higher latitudes (Pessi and Pulk-
kinen 1994), suggesting that populations originating from
the northern part of their range typically have fewer years of
successful reproduction and experience heavier impacts of
weather fluctuations. A study of Aleppo pine grafts showed
that vegetative growth and reproductive behavior are very
plastic, and individual variation in the studied traits is high
(Pardos et al 2003), and it seems to be the tendency for pines
(Bilir et al 2008) that further complicates predictions for
seed crop production.

Crown architecture and position of scions within the
crown are important for survival and define the type of flow-
ers, regularity of flowering and bud initiation. Medina Perez
et al. (Medina Perez et al 2007) also showed that grafting
in the upper crown promoted female flowering, which is in
agreement with our results and with other reports on conifer
species (Bilir et al 2008). A study on crown architecture
of grafted Stone pine (Pinus pinea L.) found only one sig-
nificant correlation between the mother shoot formed the
previous year and the number of cones formed three years
earlier (Mutke et al 2005b). Swedish researchers found rela-
tionships between scion length and flowering in Scots pine
(Almqvist and Ekberg 2001). This suggests that vigorous
first-order branches with good growth create more opportu-
nities for the development of female cones.

In conclusion, survival of scions is higher in the upper
part of the crown and repeated grafting on the best interstock
genotypes has a potential for improving survival sufficiently.
Topgrafting can induce production of single female flowers
one year after grafting and ample male flowering three years
after grafting, but the extent of flowering is greatly impacted
by genotypes, their interactions, and by weather. Large dis-
crepancies between male and female flower production,
great variability in flowering production among genotypes,
and potential interactions may hinder execution of full cross-
ing schemes. Supplementary flowering induction techniques
can secure crop production, and further research should pro-
vide more conclusive results on the extent of interactions
and the effects of orientation within the crown on survival
and flowering.
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