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Abstract. Integrating healthy, mature trees into paved urban environments is a challenging task for urban foresters, as impervious pavements are associ-
ated with reduced tree growth and survival. It is thought that porous pavements may alleviate this problem due to their permeability to air and water. The
authors of the following study tested whether porous pavements affect tree growth relative to impervious pavements by measuring aboveground growth in
trees treated with an augmented factorial arrangement of pavement profile designs and pavement types. Fifty oriental plane (Platanus orientalis) seedlings
were evenly distributed to control plots or one of four treatments. Treated plots were characterized either by porous or impervious pavement pads measur-
ing 2.3 m x 2.3 m, that were underlain either by fine sandy loam or a gravel base and compacted subgrade, reflecting two pavement profile designs. Results
show stem height, diameter, and biomass increased as a result of porous pavements. Greater growth proffered by porous pavements was negated by profile
designs including a compacted subgrade and gravel base. Finally, impervious pavements did not negatively influence tree growth, relative to control trees.
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The urban forest is a major infrastructure element, providing
environmental, economic, and social benefits. Healthy, ma-
ture trees improve air and water quality (Xiao et al. 1998;
Heckel 2004), moderate extreme temperatures (Long-Sheng
et al. 1993), reduce energy consumption (McPherson 1994),
increase real estate values (Anton 2005), provide wildlife
habitat (Dunster 1998), and provide intangible benefits in-
cluding aesthetic and recreational amenities. Street trees
planted alongside roads and sidewalks are a major compo-
nent of the urban forest. Street trees are subject to environ-
mental stresses, both biotic and abiotic, which fluctuate and
interact to affect plant function and growth. Furthermore,
anthropogenic stresses compound the natural environmental
stresses already imposed on trees. Buildings and pavements
render ground surfaces impervious; stormwater management
systems divert water away from soil and into designated res-
ervoirs; soils are compacted to meet engineering standards;
and trees are often planted in confined growing spaces.
The additive effect of these and other factors is that urban
trees have comparably shorter life spans and reduced annual
growth than their forest-based conspecifics (Quigley 2004).

One defining characteristic of the urban environment is
impervious pavement. This infrastructure element is used
for roads, parking lots, and sidewalks. It is pervasive, and in
some cases covers more than 50% of land surfaces (Fergu-
son 2005). Trees surrounded by pavements have their grow-
ing environment altered; soil chemistry and physics are both
modified by overlying pavements (Craul 1985; Macdonald
et al. 1993; Jim 1997; Celestian and Martin 2004), as are
a number of localized atmospheric factors, such as surface
temperature and vapor pressure deficit (Kjelgren and Mon-
tague 1998). This has led to speculation that pavements cause

decreased growth, premature decline, and death (Kjelgren
and Clark 1994; Iakovoglou et al. 2001; Schroder 2008).

The pavement profile for a load-bearing pavement will in-
clude, from bottom to top, compacted parent material (hereaf-
ter referred to as a subgrade), a gravel base, and typically, an
impervious surface course. In contrast, the pavement profile
design for non-load-bearing pavements may include only a
surface course installed over a compacted subgrade. Surface
courses such as concrete or asphalt, combine a well-graded
mix of aggregates and a binder to maximize density and limit
permeability. An alternative pavement type precludes the in-
clusion of fine aggregate and thus, results in a porous pave-
ment. In contrast to impervious pavements, porous paving
is characterized by a matrix of interconnected pores, which
render it permeable to air and water. Porous pavements are
generally perceived to promote tree growth and survival by
enhancing moisture infiltration and increasing soil aeration
(Tennis et al. 2004; Ferguson 2005). Theoretically, this is
plausible, but these hypotheses have never been experimen-
tally tested in a system including live trees. In the follow-
ing experiment, this gap in knowledge is addressed by test-
ing the effects of porous and impervious pavement profile
designs on tree height, diameter, and aboveground biomass.

METHODS

Study Site

The experiment was located at the city council nursery
in Christchurch (Lat: -43.493, Long: 172.437), the larg-
est city in New Zealand’s South Island. The top meter of
soil is a fine sandy loam (Raeside 1974), and it overlies a
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deposit of sand and gravel, remnant from the alluvial outwash
deposited by an ancient glacier (Brown and Weeber 1992).

The climate is temperate, and mean daily maximum tem-
peratures range from c. 10°C in July to 21°C in January (Mc-
Gann 1983). Occasional dry northwesterly winds occur dur-
ing spring and summer, when temperatures can reach 30°C
and relative humidity can drop to 20%—-40% (McGann 1983).
Rainfall ranges from 600-700 mm annually and is gener-
ally evenly distributed throughout the year, with a tendency
for slightly higher early winter precipitation (McGann 1983).

Experimental Design

Chosen due to their wide-spread use as street trees, 50 one-year
old, bare root oriental plane (Platanus orientalis) seedlings were
randomly assigned to plots in an augmented factorial experiment
consisting of controls and four treatments; trees were split evenly
among treatments, such that ten replicates existed per treatment.
Herbicide applications were used, as necessary, to limit weed
competition in control plots, which were characterized by an ex-
posed soil surface. In early August 2007, seedlings were planted
at grade in undisturbed soil in plot centers and, in the case of treat-
ed trees, surrounded by concrete pavement pads, which had been
installed in early July 2007. The pavement treatments, measuring
2.3 m x 2.3 m (with a 30 cm diameter circular cutout in the cen-
ter), were based on the combination of pavement type (2 levels:
porous, impervious) and pavement profile design (2 levels: +/-
subgrade compaction and gravel base). The resulting four treat-
ments were impervious concrete pavement (IP), impervious con-
crete pavement with compacted subgrade and gravel base (IP+),
porous concrete pavement (PP), and porous concrete pavement
with compacted subgrade and gravel base (PP+). The distinction
between the two levels of pavement profile design is related to
the preparation of the profile below the pavement surface course.
In IP and PP plots, profile preparation was limited to leveling the
topsoil with a 500 kg roller. In contrast, in IP+ and PP+ plots, top-
soil was removed to a depth of 20 cm, exposing the parent materi-
al which was termed the subgrade. Then, a 20 cm deep base layer
of washed, uniformly graded, 2040 mm gravel was placed in
the hole and leveled with a 500 kg roller. The difference between
the two levels of pavement profile design are thus related to the
inclusion (or exclusion) of a gravel base and the soil strength of
the subgrade. Soil penetration resistance was measured via a soil
compaction meter (Spectrum Technologies, Inc., Plainfield, IL,
U.S.) in accordance with ASAE Standard EP542 (2002). Penetra-
tion resistance values for the uppermost 30 cm of soil are mea-
sured by a load sensor and displayed in kPa. Mean values differed
significantly among treatments (P < 0.001) and were 892 kPa,
874 kPa, 808 kPa, 2458 kPa, and 2363 kPa for control, IP, PP, IP+
and PP+, respectively. Finally, IP and IP+ plots were overlaid by
a standard impervious concrete, while PP and PP+ were overlaid
by a pervious concrete designed specifically for this experiment.

Data Collection

Initial height and diameter were measured at the time of planting,
in August 2007, prior to the first growing season; subsequent mea-
surements occurred at the end of spring in the first growing season
(December 2007), as well as the end of the first (March 2008) and
second (March 2009) complete growing seasons. Tree height was
measured as the distance between the soil surface and the tip of

the apical bud on the leader of each tree, while the diameter was
calculated as the average of two measurements taken perpendicu-
lar to one another 10 cm above the soil surface. Mean initial tree
height was 62 cm and initial trunk diameter was 6.7 mm. Neither
initial height (P =0.663), nor diameter (P =0.961) differed signif-
icantly among treatments. Height and diameter growth were mea-
sured as the absolute growth occurring over the duration of the ex-
periment. On March 12, 2009, all trees were harvested at ground
level. This plant material comprised aboveground biomass and
was dried in a kiln at 70°C to constant weight (Nicholson 1984).

Statistical Analysis

One [P+ tree died between the first and second growing seasons
and was thus excluded in all analyses. Stem height, diameter,
and aboveground biomass were compared via one-way analysis
of variance (ANOVA), using orthogonal, a priori, single degree-
of-freedom contrasts to examine treatment effects, as well as in-
teractions of interest (Marini 2003). Significant differences are
reported for P < 0.05. Analyses were performed using the R sta-
tistical package, version 2.8.1 (R Development Core Team 2008).

RESULTS

Height Growth

While height growth was dependent upon treatment (P =
0.022), mean height growth of control trees was equivalent to
all other treatments (Table 1, contrast 1), thus implying differ-
ences among the four pavement treatments. Alone, the pave-
ment profile design had no effect on tree height, as the mean
height growth of all PP and IP trees did not differ from all PP+
and [P+ trees (Table 1, contrast 2). Nevertheless, height was
significantly affected by the interaction between pavement type
and profile design (Table 1, contrast 4). Further investigation
showed that without subgrade compaction or a gravel base,
trees surrounded by porous paving grew approximately 205 cm,
while those surrounded by impervious paving grew only 160
cm. However, in plots with a compacted subgrade and grav-
el base, a difference of less than 2 cm existed between trees
surrounded by porous and impervious pavement (Figure 1).
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Figure 1. The effect of pavement type and profile design on mean
height growth of Platanus orientalis relative to control plots char-
acterized by bare soil. Values represent total growth following two
growing seasons. Error bars represent one standard error.
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Table 1. Single degree-of-freedom contrasts comparing the effect of pavement type and profile design on total stem height

and diameter growth, as well as aboveground biomass.

ContraSts height Pdiameter Pbiomass
1. Control vs. all other treatments 1 0.542 0.009* 0.007*
2. Main effect (pavement profile design) 1 0.083 0.001* 0.0003*
3. Main effect (pavement type) 1 0.033* 0.041* 0.004*
4. Interaction (pavement profile design x pavement type) 1 0.046%* 0.015% 0.001*

*P<0.05

Diameter Growth

Stem diameter growth was also dependent upon treatment (P <
0.001). Unlike height growth results, the mean diameter growth
for all pavement treatments exceeded that for control trees
(Table 1, contrast 1). While the effect of pavement profile de-
sign and pavement type were both significant, diameter growth
depended on their interaction (Table 1, contrast 4). Diameter
growth gains provided by porous pavement were limited to
plots without a gravel base and subgrade compaction, as pave-
ment type did not effect change in IP+ or PP+ plots (Figure 2).

Biomass

Aboveground biomass was dependent on treatment (P < 0.001) (Fig-
ure 3). Mean biomass for control trees was lower than the mean of
treated trees (Table 1, contrast 1). While both pavement type and
profile design main effects were significant, these factors exhibited a
strong interaction (Table 1, contrast 4). Pavement type had no effect in
plots with a compacted subgrade and gravel base, but trees in PP plots
had significantly greater shoot biomass than trees in IP plots (Figure 3).

DISCUSSION
Within the context and limitations of this experiment, the
results show: 1) impervious pavements alone do not re-
strict or compromise tree growth, relative to control plots;
and 2) relative to control plots and impervious pave-
ments, porous pavements can improve tree growth, but only
in the absence of a compacted subgrade and gravel base.

Effect of Pavement on Tree Growth
It’s important to deconstruct pavements into their primary constitu-
ents, the pavement surface, and the underlying structural layers in-
cluding a subbase, subgrade, and base. Many of the problems faced
by street trees are generally ascribed to pavements without distin-
guishing between the surface or underlying structural layers. In the
1970s, it was commonly believed pavement surfaces caused reduc-
tions in soil moisture by precluding infiltration (Roberts 1977); how-
ever, more recent research has indicated that street trees may suffer
from too much, rather than too little water (Berrang et al. 1985),
though it’s unclear whether this is due to the surface or underlying
soil compaction. Pavement surfaces have also been said to increase
air (Whitlow and Bassuk 1988) and soil (Graves 1994; Celestian
and Martin 2004) temperatures above levels for optimal physio-
logical function. Furthermore, soil compaction beneath pavements
has been linked to poor plant performance (Smiley et al. 2006). As
pavements are associated with soil moisture extremes, excessive
soil and air temperature, and root-limiting soil compaction, it is easy
to understand why decline in street trees is ascribed to pavements.
In spite of this, none of the pavement treatments in this experi-
ment negatively influenced tree growth relative to controls. In fact,
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Figure 2. The effect of pavement type and profile design on mean
trunk diameter growth of Platanus orientalis relative to control plots
characterized by bare soil. Values represent total growth following
two growing seasons. Error bars represent one standard error.
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Figure 3.The effect of pavement type and profile design on mean
shoot biomass of Platanus orientalis relative to control plots char-
acterized by bare soil. Values represent total growth following two
growing seasons. Error bars represent one standard error.

tree height, diameter, and aboveground biomass were equivalent,
or greater, in pavement-treated trees relative to control trees (Table
1, contrast 1). This suggests trees do not necessarily suffer from
reduced growth and vigor as a direct result of overlying pavements.
It is not disputed that street trees in paved areas are often associ-
ated with reduced growth rates and low survival, as this is well
established (Gartner et al. 2002). However, pavements themselves
are not necessarily the direct cause of tree decline. An alternative
explanation is that street trees suffer from the compounding stress-
es often associated with pavements, such as restricted soil volume
(Kopinga 1991), soil compaction (Philip and Azlin 2005), physi-
cal injuries to the stem and branches (Fostad and Pedersen 1997),
air pollution (Su and Sun 2006), soil pollution via salt or other
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chemicals (Marosz and Nowak 2008), and soil moisture extremes
(Berrang etal. 1985). These additional stresses were not measured
in this experiment, except for soil compaction and soil moisture.
The latter was measured as part of a larger experiment, and it
was found that soil moisture beneath pavements consistently ex-
ceeded those in bare soil (Morgenroth and Buchan 2009). Given
adequate soil moisture and the absence of many stresses known
to afflict street trees, it is understandable why pavements alone
produced no negative impacts on tree growth in this experiment.

Effect of Porous Pavement on Tree Growth
It has been suggested that porous pavements may play a role in
improving tree growth by ameliorating underlying soil condi-
tions (Ferguson 2005). This experiment confirmed tree growth
can be improved by porous, rather than impervious pavement,
but only in the absence of a compacted subgrade and a gravel
base, where trees surrounded by porous pavements were taller
and had greater stem diameter and aboveground biomass than
trees surrounded by impervious pavement (Table 1, contrast 4).
It would be easy to suggest that differences in growth
must be associated with the permeability of the porous
pavement, and thus, higher soil moisture. However, Mor-
genroth and Buchan (2009) found that soil moisture did
not differ beneath porous and impervious pavements.
Therefore, other explanatory factors must be considered.
Knowing that increased growth occurred only in plots
without a gravel base and compacted subgrade suggests that
the benefits proffered by porous pavement are superseded by
some factor associated with the profile design. One possibility
is that soil compaction counteracted the effects of porous pav-
ing. Soil compaction is at odds with the requirements of trees,
whereby highly compacted soils are known to negatively im-
pact tree growth (Smith et al. 2001). In this experiment, soil
penetration resistance in IP+ and PP+ plots was 2410 kPa. In
contrast, soil in IP and PP plots had mean penetration resis-
tance of only 841 kPa. In soils similar to those in this experi-
ment, values between 2000 kPa and 3000 kPa are sufficient
to hinder root development (Sinnett et al. 2008). Thus, it is
likely the compacted subgrade restricted root development,
thereby negating the positive effects of porous pavement ex-
hibited in plots without a compacted subgrade and gravel base.
The theory that soil compaction negates the benefits provided
by porous pavements could have critical implications for future
porous pavement installations. The vast majority of pavements are
designed to bear heavy loads and are thus underlain by highly com-
pacted subgrade and base layers. Accordingly, the use of porous
pavement for tree growth amelioration may be limited to areas such
as sidewalks and low-use parking lots, unless steps are taken to
minimize soil compaction. One way to minimize soil compaction
is to use specially designed pavement profiles, whereby the pave-
ments are engineered to withstand heavy loads, while avoiding soil
compaction with the use of suspended pavements or accommodat-
ing compaction in soil design, such as with CU-Soil™. While these
alternatives have been proven to perform as intended (Smiley et al.
2006; Buhler et al. 2007), their prevalence is presently restricted.

CONCLUSION
In summary, the present experiment revealed differences in
tree growth resulting from differing pavement types and pro-

file designs. Results indicate that pavements, in the absence
of other stresses, do not cause reduced tree growth, even if the
profile design includes a compacted subgrade and gravel base.
It was also concluded that porous pavement could improve the
aboveground growth of trees relative to those grown in impervi-
ous pavement settings. However, this was dependent on the ab-
sence of a gravel base and subgrade compaction. This research
provided a glimpse into porous pavement’s effect on Platanus
orientalis, a hardy species often planted as a street tree. More
research is required to determine whether the results found
here are applicable in varying climates or for different tree spe-
cies planted in different soil types, and surrounded by various
pavement widths and configurations, such as sidewalks, roads,
or plazas. Given the increased installation of porous pave-
ments in the urban environment, such future research would
help explain the growth and survival of trees in the urban forest.
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Résumé. L'intégration d’arbres matures en santé au sein des environne-
ments pavés en milieu urbain constitue un défi pour les forestiers urbains du
fait que les surfaces imperméables sont associées avec une croissance et un
taux de survie moindre des arbres. Il est connu que les surfaces poreuses peu-
vent diminuer ce probléme en raison de leur perméabilité a I’air et a I’eau. Les
auteurs de 1’étude qui suit ont testé pourquoi les surfaces pavées poreuses af-
fectent la croissance des arbres par rapport a celles imperméables en mesurant
la croissance de la portion au-dessus du sol des arbres traités avec un facteur
progressivement accru en terme d’arrangement au niveau du design et des types
de divers profils de surfaces pavées. Cinquante semis de platanes orientaux
(Platanus orientalis) ont été distribués également parmi les unités-témoin ou
I’'un des quatre traitements. Les unités traitées étaient caractérisées soient par
une surface pavée imperméable ou perméable de 2,3 x 2,3 m, et la fondation
sous la surface était composée soit par un loam sablonneux fin ou encore une
fondation en gravier et une sous-fondation compactée, le tout afin de représent-
er deux designs de profils de surfaces pavées. Les résultats ont donné une crois-
sance en hauteur et en diametre accrue de la tige principale de méme qu’une
biomasse accrue dans le cas des surfaces pavées perméables. La croissance ac-
crue par les surfaces pavées poreuses était atténuée lorsque le design du profil
était composé d’une sous-fondation compactée et d’une fondation en gravier.

Zusammenfassung. Die Integration von gesunden, ausgewachsenen
Bdumen in eine gepflasterte Umgebung ist eine spannende Herausfor-
derung fiir urbane Forstleute, insbesondere weil versiegelnde Pflaster-
ung mit Einschrinkungen fiir Baumwachstum und Uberleben verbunden
wird. Es besteht die Annahme, daf} eine offene Pflasterung diese Probleme
mindert, indem sie grofere Wasser- und Luftdurchlidssigkeit bietet. Die
Autoren der vorliegenden Studie testeten durch Messungen des oberir-
dischen Wachstums von Bidumen, die in groleren Arrangements von Pflaster-
profil-Designs und Pflasterarten gepflanzt wurden, inwieweit sich pordse
Pflasterbeldge im Vergleich zu versiegelnden Beldgen das Baumwachs-
tum beeinflussen. 50 Platanensdmlinge wurden gleichmissig auf Kontroll-
flichen oder eine von vier Versuchsflichen gepflanzt. Die Versuchsflichen
waren charakterisiert durch entweder pordse oder dichte Pflasterbelege von
2,3 X 2,3 m und hatten entweder feinen Sand oder ein Feinschotterbett und
einen kompakten Unterbau, welches zwei Pflasterprofil-Designs reflektiert. Die
Ergebnisse zeigen mehr Baumhohe, Durchmesser und Biomasse aufgrund der
offenen Pflasterung. Groferes Wachstum durch porose Pflaster wurde durch Pro-
fil-Design einschl. kompakten Unterbau und Schotterbasis wieder ausgeglichen.

Resumen. La integracion de drboles maduros saludables en am-
bientes pavimentados es una tarea desafiante para los dasénomos urbanos,
en la medida que los ambientes impermeables estdn asociados con reducido
crecimiento y supervivencia del drbol. Se ha pensado que los pavimentos
porosos pueden aliviar este problema debido a su permeabilidad al aire y al
agua. Los autores del estudio probaron si los pavimentos porosos afectan el
crecimiento del drbol en relacion a pavimentos impermeables mediante la
medicion del crecimiento en drboles tratados con un arreglo factorial de dis-
efios de perfiles pavimentados y tipos de pavimentos. Cincuenta brinzales
de pldtanos orientales (Platanus orientalis) fueron distribuidos en parcelas
de control y cuatro tratamientos. Las parcelas tratadas fueron caracteriza-
das para pavimentos porosos o impermeables de 2.3 m x 2.3 m, y dos per-
files de suelos disefiados para suelo fino limo-arenoso o grava. Los resulta-
dos muestran crecimiento de la altura, didmetro y biomasa como un efecto
de pavimentos porosos. El mayor crecimiento relacionado para pavimentos
porosos fue negativo para perfiles con capas compactadas y base de grava.
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