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Summary

In 1939 A.B. Beakbane and E.C. Thompson published research that showed a correlation 
between the xylem anatomy of apple rootstocks and the vigour that those rootstocks 
imparted to scion cultivars grafted on them.  However, Beakbane and his colleagues 
never made a clear functional link between rootstock xylem anatomical characteristics 
and the vigour that rootstocks impart to scions.  Subsequently numerous researchers have 
reported relationships between rootstock xylem anatomy and scion vigour in several 
fruit tree species.  Researchers have also reported that the leaf or stem water potential 
of trees growing on size-controlling rootstocks is often somewhat more negative than 
trees growing on vigorous rootstocks in the same environment.  Recent research with 
dwarfing peach rootstocks has documented clear linkages between rootstock xylem 
anatomy, theoretical and measured rootstock axial hydraulic conductance, scion stem 
water potentials and scion shoot growth rates in composite peach trees. This paper 
will review the core evidence that links rootstock xylem anatomy to scion vigour and 
demonstrate that linkage using L-PEACH, a dynamic functional-structural tree model of 
tree physiology, architecture and growth.
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Introduction

Composite trees, formed by a scion grafted onto a rootstock, are commonly used in commercial 
fruit orchards. The use of composite trees allows for efficient clonal propagation of scion cultivars 
and selection of rootstock genotypes with important rootstock traits. One of those traits is the 
control that rootstocks can exert on scion vigour (Webster, 2002). The most famous vigour 
controlling rootstocks (the Malling series of apple rootstocks) were initially selected at the East 
Malling Research Station (Ferree & Carlson, 1987; Fallahi et al., 2002). The adoption of the 
Malling series of rootstocks has had a tremendous impact of apple production world-wide and 
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has revolutionized orchard system concepts for many other fruit crops.  A series of new peach 
rootstocks that provides a wide range of vigour controlling capacity has recently been developed 
at the University of California, Davis, (DeJong et al., 2004; Tombesi et al., 2011) and there is hope 
that production efficiency gains based on incorporating dwarfing rootstocks into apple and cherry 
systems (Webster, 1993) can be achieved with peach (Reighard & Loreti, 2008).
The development of virtually all dwarfing rootstocks has occurred based on empirical evaluations 

of rootstock performance with scion cultivars grafted onto them and an understanding of the 
physiological mechanism involved in causing dwarfing is still under debate (Rogers & Beakbane, 
1957; Webster, 2004). In 1939 A.B. Beakbane and E.C. Thompson published research that 
showed a correlation between the xylem anatomy of apple rootstocks and the vigour that those 
rootstocks imparted to scion cultivars grafted on them. Specifically, dwarfing apple rootstocks had 
roots with fewer and smaller xylem vessels than invigorating rootstocks (Beakbane & Thompson, 
1939). However in a review of proposed mechanisms involved in rootstock control of scion 
vigour Rogers & Beakbane (1957) dismissed the idea that xylem anatomical differences could 
be involved because the prevailing view at the time was that xylem vessels were in substantial 
excess compared to what was necessary to efficiently move water through a tree. One of the 
first functional experimental confirmations that water relations could be involved occurred when 
Giulivo & Bergamini (1982) reported that midday leaf water potentials of ‘Golden Delicious’ 
apple trees grafted on dwarfing ‘M.9’ and ‘M.26’ rootstocks were significantly lower than trees 
on vigorous ‘M.11’ and seedling rootstocks, whereas trees with intermediate-high vigour (grafted 
on ‘M.111’, ‘MM.104’, ‘MM.106’, and ‘M.7’) had intermediate values.  Later, Olien & Lakso 
(1984, 1986) provided convincing evidence that midday stem water potential measured on apple 
trees grafted on dwarfing ‘M.9’ and ‘M.26’ dwarfing rootstocks was significantly lower than that 
of trees grafted on more vigorous rootstocks (‘MM.104’, ‘M.7’ and ‘MM.106’).  Similar results 
have been reported not only for apple (Cohen & Naor 2002), but also for peach (Basile et al., 
2003a; Motisi et al., 2004; Solari et al., 2006a) and sweet cherry (Gonçalves et al., 2006; Hajagos 
& Vegvari, 2013).
The remainder of this paper will review research related to the physiological mechanism 

involved in causing vigour reduction that has been conducted on a series of size-controlling peach 
rootstocks developed at the University of California, Davis, in cooperation with USDA-ARS 
researchers in Parlier, CA (DeJong et al., 2004; Tombesi et al., 2011).

Linkage between Shoot Growth Characteristics and Xylem Water Potential

Dwarfing peach rootstocks reduce both shoot length as well as the number of shoots per tree 
while the number of internodes per shoot is not generally affected by rootstock vigour (Weibel 
et al., 2003). Stem water potentials tended to be more negative in trees on dwarfing rootstocks 
compared to control trees when measured in June, however subsequent measurements in August 
did not show significant differences (unpublished data).  Basile et al. (2003a) reported that 
differences in daily shoot growth rates of trees on dwarfing and invigorating rootstocks were 
correlated with differences in daily patterns of stem water potential, particularly during the spring 
vegetative growth period. Subsequently, by doing manipulative studies in the field to modify 
canopy transpiration rates Solari et al. (2006a) confirmed that young trees on dwarfing rootstocks 
had lower midday stem water potential values than trees on vigorous rootstocks and that there was 
a direct linkage between daily patterns of shoot extension growth and daily patterns of stem water 
potential in trees on both vigorous and dwarfing rootstocks.. 

Linkage between Xylem Stem Water Potential and Hydraulic Conductance

It is well known that there is a connection between patterns of stem water potential and hydraulic 
conductance (Tyree & Sperry, 1988) and this was confirmed to be the case for peach trees on 
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rootstocks that imparted various degrees of vigour. Basile et al. (2003b) reported that a size 
controlling peach rootstock clearly had decreased measured xylem hydraulic conductance 
compared to the vigorous ‘Nemaguard’ rootstock and that the differences in conductance were 
primarily found in the rootstock itself and not in the rootstock/scion graft union or the scion growing 
on the dwarfing rootstock.  Differences in rootstock hydraulic conductance also corresponded 
with differences in diurnal shoot growth and water potential patterns measured on the same trees 
(Solari et al., 2006b).  Subsequently Solari & DeJong (2006) documented that shoot growth could 
be manipulated by pressurizing the root system and thus overcoming hydraulic conductance 
differences between dwarfing and invigorating rootstocks, resulting in similar shoot extension 
growth rates irrespective of rootstock. These experiments confirmed direct links between stem 
water potential, stem hydraulic conductance and shoot growth rates.

Linkage between Rootstock Hydraulic Conductance and Xylem Anatomy

Axial hydraulic conductance in plants is a function of the anatomical characteristics of xylem 
(Tyree & Zimmermann, 2002).  Xylem vessel diameters are especially important because of the 
Hagen-Poisseuille law which states that the hydraulic conductance of a tube is a function of 
the diameter of the tube raised to the fourth power (Tyree & Ewers, 1991). Measurements of 
xylem vessel anatomy clearly showed that differences in rootstock-induced tree vigour were 
associated with differences in mean xylem vessel diameters and theoretically calculated xylem 
vessel conductance of a range of rootstock genotypes (Tombesi et al., 2010a). Further research 
documented that dwarfing peach rootstocks have very limited influence on the xylem vessel 
characteristics of the scion and differences in xylem anatomy also explain the partial vigour 
reductions obtained when a dwarfing rootstock genotype is used as an inter-stem (Tombesi et al., 
2010b).

How can Xylem Vessels be Limiting? Or, where did Rogers and Beakbane go wrong?

It is now known that the majority of water conduction in species with ring porous wood anatomy 
occurs in the large vessels of the latest formed ring of xylem and that the large vessels from earlier 
years of cambial growth are often essentially non-functional (Elmore & Ewers, 1985).  This appears 
to be especially the case in peach (Ameglio et al., 2002). Thus the bulk of water flow up the tree 
during a given growing season occurs in the xylem vessels formed during that same season.  This 
means that the efficiency of xylem flow early in the season is largely dependent on newly formed 
xylem in the spring and is probably highly dependent on the characteristics of that xylem and the 
rate at which it is being formed. Thus hydraulic conductance during the spring period is likely 
limited by the rate of xylem development as well as the xylem vessel characteristics. If this is 
true, then the strongest differences in stem water potential between trees on rootstocks with small 
vs large vessel diameters would occur during the grand period of growth that occurs during the 
spring because the potential rate of xylem vessel formation may lag behind the potential rate of 
canopy growth.  When canopy growth in mature trees slows in early summer due to phenological 
control mechanisms (DeJong et al., 1987), the development of new xylem may regain balance 
with the canopy size and then tree hydraulic capacity would match transpiration demands of the 
canopy and differences in measured water potentials between trees on dwarfing and invigorating 
rootstocks would be minimal.
Support for this hypothesis has recently been provided by a girdling experiment in peach. Mature 

peach trees that had the base of their scaffolds girdled (a 6 mm wide strip of bark and cambium 
removed) early in the spring vegetative growth period (approximately 3 weeks after bloom) had 
decreased midday stem water potentials for more than 8 weeks after girdling with correspondingly 
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decreased shoot growth rates and fewer vigorous shoots compared to non-girdled control trees 
(Tombesi et al., 2014). Trees that were girdled 2 weeks later subsequently had midday stem water 
potentials that were intermediate between the early girdled and non-girdled trees indicating that 
hydraulic conductance was apparently not as limiting in the later girdled trees.
Additional corroboration for a hydraulic conductance mediated rootstock size-controlling 

mechanism in peach trees has been provided by testing this mechanism in the L-PEACH functional-
structural virtual tree simulation model (Da Silva et al., 2011).  The L-PEACH model (Allen et al., 
2005, Lopez et al., 2008, Da Silva et al., 2011) simulates the development and growth of a peach 
tree’s architecture, tracks all functional elements during growth, exchanges carbon and water 
between the plant’s elements while individual components are sensitive to local availability of 
carbon and water as well as environmental factors. This model has no set carbohydrate allocation 
patterns; instead carbohydrate distribution is governed by relative carbon demands of each 
carbohydrate sink, the proximity of the sinks to carbohydrate sources and resistances along the 
transport pathways. The model runs using hourly environmental parameters recorded at a field 
weather station, calculates leaf/canopy photosynthesis and transpiration as well as water flow 
through the soil-plant-atmosphere continuum, and estimates stem water potential throughout the 
simulated canopy. Shoot growth in the model is sensitive to stem water potential both through 
direct effects on shoot growth and indirect effects on photosynthesis and thus carbon supply. The 
hydraulic conductance mediated rootstock size-controlling mechanism was tested running two 
simulations with the L-PEACH model. One simulation used values for hydraulic conductance 
that corresponded with values for vigorously growing peach trees and in the other simulation the 
hydraulic conductance of the segment of the hydraulic pathway in the rootstock portion of the tree 
was simply reduced by 50%. The screen captures after each year of the two four-year simulations 
(Fig. 1) show the cumulative effect of the reduced rootstock hydraulic conductance over time. 
The simulations also clearly demonstrate an often under-appreciated aspect of scion growth on 
dwarfing rootstocks; that the apparent effects of dwarfing rootstocks on tree size increase over 
time because tree vigour at the beginning of the season is a function of the pruning severity 
during the dormant season and the amount of storage carbohydrates available to initially support 
growth the following spring (Mika, 1986). Thus the vigour of trees on dwarfing rootstocks tends 
to decrease each year relative to trees on vigorous rootstocks also because they are usually pruned 
less and the mass of the wood available for storing carbohydrates is also less per tree (Pernice et 
al., 2006).

Conclusions

Anatomical analysis of size-controlling rootstocks in comparison with their vigorous counterparts 
indicates a clear mechanism that can account for the size-controlling behavior of a series of peach 
rootstocks that is consistent with a large body of accumulated research on the same, or similar, 
peach rootstocks. This research indicates that normally vigorous scion cultivars growing on 
dwarfing rootstocks have reduced shoot growth and numbers of vigorous shoots than the same 
scion cultivars growing on vigour inducing rootstocks.  Reductions in shoot growth are related to 
decreased mid-day stem water potentials.  Decreased mid-day stem water potentials are related to 
decreased measured root hydraulic conductance. Decreased measured root hydraulic conductance 
is related to xylem vessel characteristics and decreased theoretical xylem hydraulic conductance 
of the outer ring of xylem. There is mounting evidence that water conductance and consequently, 
spring vegetative growth in peach are dependent on newly formed spring xylem vessels and thus 
the xylem characteristics of newly formed xylem in a rootstock are a probable cause for differences 
in scion vigour related to dwarfing rootstocks.
While the size-controlling behavior of apple rootstocks were initially associated with xylem vessel 

characteristics by Beakbane & Thompson (1939), and more recently in other species (Goncalves 
et al., 2007; Olmstead et al., 2006a,b); there is also evidence that hydraulic conductance is reduced
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Fig. 1. Pictures of virtual trees generated from simulation runs of the L-PEACH model over a series of 
4 years. The trees on the left are from simulations using normal values for stem and rootstock hydraulic 
conductance.  The trees on the right are results from running the model with exactly the same parameters 
as for trees on the left except that xylem hydraulic conductance of the rootstock section of the tree was 
reduced by 50%.  The trees at the top show the size of the trees at the end of the summer during the 2nd year 
of growth. The second row of trees shows the trees after they have been pruned in the following dormant 
season. The 3rd and 4th row shows corresponding sizes of trees during and after the 3rd year of growth. The 
bottom row shows the difference in size of the trees toward the end of the 4th year of growth. The trees were 
selectively pruned at the end of each growing season and fruit were thinned to crop loads corresponding to 
the amount of fruiting shoot length on each tree.

in dwarfing compared with vigorous apple rootstocks (Atkinson et al., 2003). Furthermore there is 
now evidence of co-localization of genes in apple  controlling traits linked to tree growth and fruit 
bearing with traits linked to xylem development (Lauri et al., 2011).  However more research is 
necessary to document clear mechanistic linkages between xylem anatomy and rootstock vigour 
as has been done with peach. It is likely that these linkages can be established, at least for trees 
within the family Rosaceae. Thus, Beakbane & Thompson (1939) were on the right track after all.



56

References

Allen M T, Prusinkiewicz P, DeJong T M. 2005.  Using L-systems for modeling source-sink 
interactions, architecture and physiology of growing trees: the L-PEACH model.  New Phytologist 
166:869–888.
Ameglio T, Bodet C, Lacointe A, Cochard H. 2002. Winter embolism, mechanisms of xylem 
hydraulic conductivity recovery and springtime growth patterns in walnut and peach trees. Tree 
Physiology 22:1211–1220.
Atkinson C J, Else M A, Taylor L, Dover C J. 2003. Root and stem hydraulic conductivity 
as determinants of growth potential in grafted trees of apple (Malus pumila Mill.). Journal of 
Experimental Botany 54:1221–1229.
Basile B, Marsal J, DeJong T M. 2003a. Daily shoot extension growth of peach trees growing 
on rootstocks that reduce scion growth to daily dynamics of stem water potential. Tree Physiology 
23:695–704.
Basile B, Marsal J, Solari L I, Tyree M T, Bryla D R, DeJong T M. 2003b. Hydraulic 
conductance of peach trees grafted on rootstocks with differing size-controlling potentials. Journal 
of Horticultural Science & Biotechnology 78:768–774.
Beakbane A B, Thompson E C. 1939. Anatomical studies of stems and roots of hardy fruit trees. 
II. The internal structure of the roots of some vigourous and some dwarfing apple rootstocks, 
and the correlation of structure with vigour. Journal of Pomology and Horticultural Science 17: 
141–149.
Da Silva D, Favreau R, Auzmendi I, DeJong T. 2011. Linking water stress effects on carbon 
partitioning by introducing a xylem circuit into L-PEACH. Annals of Botany 108:1135–1145
DeJong T M, Doyle J F, Day K R. 1987. Seasonal patterns of reproductive and vegetative sink 
activity in early and late maturing peach (Prunus persica) cultivars. Physiologia Plantarum 
71:83– 88.
DeJong T M, Johnson R S, Doyle J F, Basile B, Marsal J, Ramming D, Bryla D. 2004.  Growth, 
yield and physiological behavior of size-controlling peach rootstocks developed in California.  
Acta Horticulturae 658:449–455.
Fallahi E, Colt W M, Fallahi B, Chun I. 2002. The importance of apple rootstocks on three 
growth, yield, fruit quality, leaf nutrition and photosynthesis with an emphasis on “Fuji”. 
HortTechnology 12:38–44.
Ferree D C, Carlson R F. 1987. Apple rootstocks. In Rootstocks for Fruit Crops, pp. 107–143. 
Eds R C Rom and R F Carlson. New York: Wiley.
Giulivo C, Bergamini A. 1982. Effect of rootstock-scion combination on water balance of apple 
trees, cv Golden Delicious. Abstracts Vol. 1, 21st International Horticultural Congress, Hamburg 
(Germany) 29 August–4 September: 1264 pp.
Goncalves B, Correia C M, Silva A P, Bacelar E A, Santos A, Ferreira H, Moutinho-Pereiraet  
J M. 2007. Variation in xylem structure and function in roots and stems of scion-rootstock 
combinations of sweet cherry tree (Prunus avium L.). Trees 21:121–130.
Hajagos A, Vegvari G. 2013. Investigation of tissue structure and xylem anatomy of eight 
rootstocks of sweet cherry (Prunus avium L.). Trees 27:53–60.
Lauri P-E, Gorza O, Cochard H, Martinez S, Celton J-M, Ripetti V, Lartaud M, Bry X, 
Trottier C. Costes E. 2011. Genetic determinism of anatomical and hydraulic traits within an 
apple progeny. Plant Cell & Environment 34:1276–1290.
Lopez G, Favreau R R, Smith C, Costes E, Prusinkiewicz P, DeJong T M. 2008. Integrating 
simulation of architectural development and source–sink behaviour of peach trees by incorporating 
Markov chains and physiological organ function submodels into L-PEACH. Functional Plant 
Biology 35:761–771.
Mika A. 1986. Physiological responses of fruit trees to pruning. Horticultural Reviews 8:339–378.



57

Motisi A, Pernice F, Sottile F, Caruso T. 2004. Rootstock effect on stem water potential gradients 
in cv. ‘Armking’ nectarine trees. Acta Horticulturae 658:75–79.
Olien W C, Lakso A N. 1984. A comparison of the dwarfing character and water relations of five 
apple rootstocks. Acta Horticulturae 146:151–158.
Olien W C, Lakso A N. 1986. Effect of rootstock on apple (Malus domestica) tree water relations. 
Physiologia Plantarum 67:421–430.
Olmstead M A, Lang N S, Ewers F W, Owens S A. 2006a. Xylem vessel anatomy of sweet 
cherries grafted onto dwarfing and non-dwarfing rootstocks. Journal of the American Society for 
Horticultural Science 131:577–585. 
Olmstead M A, Lang N S, Lang G A, Ewers F W, Owens S A. 2006b. Examining the vascular 
pathway of sweet cherry grafted onto dwarfing rootstocks. HortScience 41:674–679.
Pernice F, Solari L, DeJong T M. 2006. Comparison of growth potentials of epicormic shoots 
of nectarine trees grown on size-controlling and vigourous rootstocks. Journal of Horticultural 
Science & Biotechnology 81:211–218.
Reighard G L, Loreti F. 2008. Rootstock development. In The Peach: Botany, Production and 
Uses, pp. 193–220. Eds D R Layne and D Bassi. Wallingford, Oxon, UK: CAB International.
Rogers W S, Beakbane A B. 1957. Stock and scion relations. Annual Review of Plant Physiology 
8:217–236.
Solari L I, DeJong T M. 2006. The effect of root pressurization on water relations, shoot growth, 
and leaf gas exchange of peach (Prunus persica) trees on rootstocks with differing growth potential 
and hydraulic conductance. Journal of Experimental Botany 57:1981–1989.
Solari L I, Johnson S, DeJong T M. 2006a. Relationship of water status to vegetative growth 
and leaf gas exchange of peach (Prunus persica) trees on different rootstocks. Tree Physiology 
26:1333–1341.
Solari L I, Johnson S, DeJong T M. 2006b. Hydraulic conductance characteristics of peach 
(Prunus persica) trees on different rootstocks are related to biomass production and distribution. 
Tree Physiology 26:1343–1350.
Tombesi S, Johnson R S, Day K R, DeJong T M. 2010a. Relationships between xylem vessel 
characteristics, calculated axial hydraulic conductance and size-controlling capacity of peach 
rootstocks. Annals of Botany 105:327–331.
Tombesi S, Johnson R S, Day K R, DeJong T M. 2010b. Interactions between rootstock, inter-
stem and scion xylem vessel characteristics of peach trees growing on rootstocks with differing 
size-controlling characteristics. AoB Plants, DOI: 10.1093/aobpla/plq013. 
Tombesi S, Almehdi A, DeJong T M. 2011. Phenotyping vigour control capacity of new peach 
rootstocks by xylem vessel analysis. Scientia Horticulturae 127:353–357.
Tombesi S, Day K R, Johnson R S, Phene B, DeJong T M. 2014. Spring scaffold girdling 
decreases stem water potential and shoot growth while stimulating fruit size in peach (Prunus 
persica) trees. (In preparation) 
Tyree M T, Ewers F W. 1991. The hydraulic architecture of trees and other woody plants. New 
Phytologist 119:345–360.
Tyree M T, Sperry J S. 1988. Do woody plants operate near the point of catastrophic xylem 
dysfunction caused by dynamic water stress? Plant Physiology 88:574–580.
Tyree M T, Zimmermann M T. 2002. Xylem structure and the ascent of sap, 2nd Edn. Berlin: 
Springer-Verlag. 487 pp.
Webster A D. 1993. New dwarfing rootstocks for apple, pear, plum and sweet cherry - a brief 
review. Acta Horticulturae 349:145–154.
Webster A D. 1995. Rootstock and interstock effects on deciduous fruit tree vigour, precocity, and 
yield productivity. New Zealand Journal of Crop and Horticultural Science 23:373–382. 
Webster A D. 2004. Vigour mechanisms in dwarfing rootstocks for temperate fruit trees. Acta 
Horticulturae 658:29–41.



58

Webster T. 2002. Dwarfing rootstocks: past, present and future. The Compact Fruit Tree 35:67–
72.
Weibel A, Johnson R S, DeJong T M. 2003. Comparative vegetative growth responses of two 
peach cultivars grown on size-controlling versus standard rootstocks. Journal of the American 
Society for Horticultural Science 128:463–471.


