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a  b  s  t  r  a  c  t

The  catastrophic  loss  of  ash  (Fraxinus  spp.)  trees  in the  midwestern  United  States  due  to emerald  ash
borer  has  emphasized  the  need  for greater  diversity  in  urban  and  community  forests.  However,  the
availability  of  some  important  Fraxinus  alternative  species  may  be limited  due  to  difficulties  in nursery
production.  We  conducted  two  trials  to  examine  growth  and  physiological  responses  of  bare-root  tree
liners to pre-plant  storage  and  handling.  In both  trials,  bare-root  liners  were  given  one of  four  treatments
for  three  weeks  prior  to  planting:  1) control,  2) cold  storage  (4 ◦C),  3)  sweating  (warm,  moist  storage),  or
4)  heeled-in  (outdoor  storage).  Subjecting  trees  to a warm,  moist  environment  before  planting  (sweating)
increased  shoot  dieback  of Celtic  occidentalis  trees.  Root  growth  potential  was  very  low  for  Quercus  spp.
trees  and  varied  by  treatment  for  Celtis  occidentalis  trees.  Taxodium  distichum  trees  had  a  relatively  high
root  growth  potential  in  all treatments.  Stem  water  potential  measured  immediately  before  and  after  pre-
plant treatments  indicated  that Quercus  spp.  trees  and T. distichum  trees  were  able  to  rehydrate  during
sweating  while  water  stress  in  C. occidentalis  trees  remained  high  (stem  water  potential  <−2.0  MPa).  The
results  suggest  that  poor  transplanting  success  reported  for Quercus  spp.  trees  may  be  related  to  low  root
growth  potential,  whereas  poor  establishment  of Celtis  occidentalis  trees  is  related  to a  combination  of
factors  including  desiccation,  poor root  regeneration  and poor carbohydrate  status.  None  of  the  pre-plant
treatments  reduced  shoot  dieback  compared  to  control  trees  that  were  not  stored  prior  to  planting.

©  2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Outbreaks of exotic invasive pests such as emerald ash borer
(EAB; Agrilus planipennis Fairmaire) and Dutch elm disease (Ophios-
toma ulmi (Buisman) Nannf.) have highlighted the need for
improved species diversity in urban and community forests. Emer-
ald ash borer has devastated Fraxinus spp. tree populations, killing
tens of millions of trees throughout the midwestern and east-
ern United States (Herms and McCullough, 2014). As communities
develop tree planting programs to replace tree cover lost to EAB,
university extension services and others have proposed alternative
shade tree species for nursery growers, landscapers and homeown-
ers to reference (Cregg and Schutzki, 2004; Iles, 2012; Jull, (nd)).

Shade tree nurseries typically start their production cycle with
bare-root liners; ranging from 1.3–2 m tall whips to 4 cm caliper
lightly branched trees. The majority of liners are grown at spe-
cialty nurseries in the Pacific Northwest of the United States and
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then shipped throughout the country on refrigerated trucks in
early spring (Englert et al., 1993a, 1993b). Once trees are deliv-
ered, nurseries may  plant them immediately, either in the field or
in containers, or may  store them prior to planting. Stored trees may
be kept in large coolers or heeled-in into mulch or container sub-
strate until planting. While many shade tree species and cultivars
in the nursery trade are routinely and successfully produced from
bare-root liners, certain species experience significant mortality or
shoot dieback after bare-root storage and handling. Among com-
monly recommended Fraxinus alternatives, oaks (Quercus spp.),
hackberry (Celtis occidentalis L.), and baldcypress (Taxodium dis-
tichum (L.) Rich. var. distichum),  are often mentioned by growers
as being problematic.

Both research and practical experience suggest several factors
may  lead to poor transplant stress in bare-root liners. For example,
bare-root trees may  become desiccated during storage and han-
dling. Some species, such as Norway maple (Acer platanoides L.)
are desiccation-tolerant and can withstand low water status con-
ditions, while others are desiccation-intolerant and do not succeed
under low water status conditions (Murakami et al., 1990). Reestab-
lishment of root systems after transplanting is also an important
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factor for tree survival (Struve 1990, 2009). Handling or mishan-
dling of bare-root trees frequently affects root growth potential
(RGP) when trees are lifted and stored (Simpson and Ritchie, 1996).
Carbohydrate status including total non-structural carbohydrates
and total starch reserves in roots and shoots have also been impli-
cated in survival bare-root trees after planting (Kobe, 1997; Dey
et al., 2008).

Cold storage is the most common means to reduce stress to tree
liners between receipt at the nursery and planting. However, some
nurseries ‘heel-in’ trees as a means of storage, especially if coolers
are not available. Heeling-in consists of placing the bare-root trees
in a trenched section of substrate or mulch, covering, and water-
ing them in. This may  reduce transplant shock and increase root
regeneration (Starbuck et al., 2005). ‘Sweating’ (placing trees in a
warm, moist environment) is often recommended for recalcitrant
trees. The objective of sweating is to rehydrate the stem and root
system by increasing the humidity and temperature surrounding
the plants (Halcomb and Fulcher, 2004). However, little systematic
research has been conducted on this practice to quantify its efficacy
or determine its physiological impact on tree liners.

In this project, we examined the effects of pre-plant handling on
transplant stress of ash alternative species in a typical nursery pro-
duction system. The overall goal of this project was to improve the
availability and success of important Fraxinus alternative species in
production nurseries to facilitate a more diverse urban landscape.
The specific objectives of the present study were to: 1) determine
the effect of pre-plant handling on initial survival and growth of
common Fraxinus alternatives and 2) determine the physiological
responses to pre-plant conditions.

2. Materials and methods

The project was conducted as two studies; one conducted in
2010 and one conducted in 2011. We  describe experimental pro-
cedures for the 2010 study and then highlight changes for 2011
trial.

2.1. 2010 season

2.1.1. Plant material and treatments
On April 12, 2010 we received 192 bare-root liners (1.5 m tall

whips or lightly branched liners) via refrigerated truck from a
commercial liner nursery (J. Frank Schmidt & Son Co., Boring,
Oregon USA). The shipment included 48 trees from each of four
species; hackberry (Celtis occidentalis L.), swamp white oak (Quercus
bicolor Willd.), red oak (Quercus rubra L.), and baldcypress (Tax-
odium distichum (L.) L.C. Rich). Each tree was immediately tagged
and assigned at random to one of four pre-plant storage treat-
ments: 1) control, 2) heeling-in, 3) cold storage, or 4) sweating. All
treatments, except control, were maintained for three weeks (April
12–May 5). Trees in the control treatment were not stored and were
planted immediately after they were off-loaded from the truck. The
‘heeled-in’ treatment was designed to simulate a common nursery
practice of storing trees outdoors prior to planting. The trees were
positioned upright outdoors at a research nursery at the Michigan
State University Horticulture Teaching and Research Center (HTRC)
Holt, MI.  Tree roots were covered with a container substrate mix
of pine bark-peat moss (80:20; v:v). Trees were watered daily, for
approximately 30 min, with an overhead sprinkler. Mean air tem-
perature during the heeling-in storage was 11.7 ◦C (range −2.0◦

to −26.4 ◦C). Trees in ‘cold storage’ were placed in a 4 ◦C walk-in
cooler at the HTRC. Trees were positioned upright in large wooden
crates with their roots covered with straw and watered as needed
to prevent root desiccation, approximately four times/week. The
‘sweating’ treatment was designed to replicate a common nursery

practice used to stimulate growth on recalcitrant trees (Halcomb
and Fulcher, 2004). Trees were placed on the floor of a hoop green-
house with double-walled poly (4 mil) at the MSU  Forestry Tree
Research Center (TRC). Trees were alternated with layers of wet
burlap and then covered with a large sheet of white plastic. Burlap
was checked daily and watered as needed to prevent desiccation,
approximately four times/week. The greenhouse temperature was
set to 20 ◦C. Mean temperature under the plastic during the sweat-
ing period was  24.2 ◦C (range 19.7◦–36.5 ◦C).

2.1.2. Evaluations
Water potential was determined on shoots of each tree imme-

diately upon arrival at the HTRC and after exposure to the various
pre-plant treatments (Ritchie and Hinckley, 1975). Water poten-
tial was measured on shoots collected from side branches using a
portable pressure chamber (Model 600, PMS  Instruments, Corvallis,
Oregon USA).

After treatments were applied for three weeks, a subset of trees
from each treatment was assigned at random to one of two evalu-
ations: container planting or root growth potential test.

2.1.3. Root growth potential (RGP) test
Root growth potential was  evaluated by planting trees in a

gravel culture system for three weeks and quantifying new root
growth. Control trees were placed in the gravel culture system
immediately upon receipt; trees in the three pre-plant treat-
ments were placed in the gravel culture system after three weeks
of treatment. Trees were planted in 95 l containers filled with
washed pea-gravel in a hoop greenhouse with clear double-
walled poly (4 mil) at the TRC. Four trees, one from each
treatment × species combination, were planted in each container
with eight replications. Root systems were kept constantly moist
using a micro-sprinkler system, which consisted of three pres-
sure compensated spray stakes per container (12 l/h, Netafim USA,
Fresno CA), which uniformly wetted the entire container surface.
Microsprinklers were controlled by an automatic timer and irriga-
tion was set to run for 8 s every 16 min.

After three weeks trees were removed from the gravel and new
root growth was assessed by counting the number of new white
roots and measuring root lengths of a random sample of ten new
roots. Total new root length was  estimated as number of new roots
x average new root length.

2.1.4. Container planting
We planted an additional four trees per species × treatment

combination, including control trees, in 57 l containers filled with a
mixture of pine bark and peat moss (80:20, v:v). Trees were watered
to run-off by hand two to three times/week and grown outdoors on
a container pad at the HTRC until 1 October.

2.1.5. Growth
Height and stem diameter were measured at planting and the

end of the growing season (container-grown trees). Stem diameter
was measured with digital calipers 8 cm above the graft union on
the C. occidentalis, Q. bicolor,  and Q. rubra and 15 cm above the root
collar on the T. distichum.  Some trees exhibited stem dieback. Stem
dieback was  measured as the distance from the top-most portion
of the terminal leader to the point where current season growth
initiated.

2.2. 2011 season

2.2.1. Plant material and treatments
On April 11, 2011, we received 240 bare-root liners (1.5–1.8 m

whips/lightly branched liners) via refrigerated truck from J. Frank
Schmidt & Son Co. Nursery. The shipment included 48 trees from
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