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Importance of irrigation and plant size in the establishment success of
different native species in a degraded ecosystem of central Chile
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SUMMARY

Irrigation has frequently been considered a necessary step in reforesting open areas of semiarid ecosystems. However, the success of
irrigation has mainly been assessed using young and small plants, typically younger than two years old. Few studies have explored
whether irrigation is also important with older and larger plants, and if the use of larger plants may enhance reforestation success. We
tested the effect of irrigation and plant size on survival and height growth of six tree species from the Mediterranean region of Chile,
for planting on a reclaimed fly ash landfill lacking woody vegetation. Between 2008 and 2010 we planted and monitored 160 plants
of each species in a factorial design including 1- and 4-year-old trees (smaller and larger, respectively), with and without irrigation.
Irrigation improved survival in more water-demanding species regardless of plant size, and primarily among smaller plants for species
classified in the middle of a water requirement gradient. With more drought-resistant species, irrigation was not important for survival.
The use of larger plants enhanced survival but not growth, and mainly in more water-demanding species. In general, height growth for
some species was higher with irrigation and mainly among smaller plants.
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RESUMEN

El riego ha sido frecuentemente considerado un paso necesario en la reforestacion de areas abiertas de ecosistemas semiaridos. Sin
embargo, el éxito del riego ha sido evaluado principalmente usando plantas jovenes, tipicamente menores de un afio de edad. Muy
pocos estudios han explorado si el rol del riego es también importante en plantas de mayor edad y tamafo y si el uso de plantas mas
grandes incrementa el éxito de procesos de reforestacion. En este estudio se evalua el efecto del riego y del tamafio de las plantas en
la sobrevivencia y crecimiento en seis especies arboreas de la region Mediterranea de Chile sobre un area de depdsitos de cenizas
residuales de carbon mineral. Entre 2008 y 2010 se llevo a cabo un experimento en el cual se plantaron y monitorearon 160 plantas
de cada especie en un disefio factorial, incluyendo plantas de 1 y 4 afios de edad, con y sin riego. Los resultados indican que el riego
mejord la sobrevivencia independiente de la edad en las especies mas demandantes de agua, y principalmente en las plantas mas
jovenes en especies clasificadas como intermedias en un gradiente de requerimiento de agua. En especies mas resistentes a la sequia,
el riego no fue importante. El uso de plantas de mayor tamaiio increment6 la probabilidad de sobrevivencia pero no el crecimiento,
también principalmente en especies mas demandantes de agua. El crecimiento en altura fue en general mayor con riego y en plantas
mas grandes en algunas especies.

Palabras clave: edad de planta, tasa de crecimiento, restauracion, bosque esclerdfilo, sobrevivencia.

INTRODUCTION

During the last few centuries, natural ecosystems have
been highly disturbed by human actions, and restoration
has become more important for the conservation of threa-
tened species and degraded ecosystems (Van Andel and
Aronson 2006). This is the case of the original vegetation
in the Mediterranean-type climate region of central Chile
(between 27° and 38° S), which has been altered by prolon-
ged anthropic activity such as burning, pasturing, intensive

agriculture, expansion of population centers and mining
(Fuentes and Hajek 1979). In these cases reforestation may
serve as the primary means for restoring these ecosystems.

Several abiotic and biotic factors may influence restora-
tion of plant species, and past studies have included diffe-
rent reforestation techniques for dealing with these to im-
prove survival and growth (Van Andel and Aronson 2006).
In semiarid regions with Mediterranean-type climates, wa-
ter availability has been considered the main abiotic factor
limiting regeneration and restoration success (Rey-Benayas
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et al. 2002, Holmgren et al. 2006, Squeo et al. 2007, Padilla
and Pugnaire 2009, Siles et al. 2010, Becerra et al. 2011).
To counteract water constraints, reforestation programs of-
ten include expensive treatments such as irrigation, at least
during the first years after planting (Altamirano 2008).
Hence, understanding what techniques can enhance survi-
val and growth in dry ecosystems, and also reduce the need
of irrigation, is crucial for planning restoration of drylands.

A factor that may affect the level of water needs, and
also influence survival and growth, is the size of plants at the
planting time. Size commonly depends on age, and toleran-
ces and ecophysiological requirements of many woody spe-
cies appear to shift during ontogeny and then with the size of
plants (Rey and Alcantara 2000, Lusk 2004, Siles et al. 2010).
In fact, Siles et al. (2010) found that in a Mediterranean
ecosystem in Spain, the survival rate of 2-year-old plants
was greater than that of 1-year-old plants in several species.
Also, some older plants grew faster than younger ones. Older
and larger plants (saplings) have larger root systems and may
survive and grow better than smaller ones in moisture-poor
environments. They also have a larger leaf area which may
increase photosynthesis and growth, although water losses
by transpiration may also be superior. Yet where water is
more abundant, differences in stress tolerance between larger
and smaller plants may be less important.

Most of the experimental studies assessing the bene-
fits of irrigation to improve the establishment of trees have
used only seedlings younger than 2 years old (Holmgren
et al. 2006, Squeo et al. 2007, Padilla and Pugnaire 2009).
Few studies involving irrigation compared survival and
growth among plants of different ages and sizes (Radomi-
ljac 1998, Siles et al. 2010). We assessed effects of both
irrigation and plant size on survival and growth of six di-
fferent native tree species on a reclaimed fly ash landfill in
central Chile. We predicted that irrigation would enhance
survival and growth, mainly of smaller plants, and that sur-
vival and growth would be higher in larger plants, especia-
Ily under conditions of water scarcity.

METHODS

Study area. The study was conducted in a coastal area of
central Chile, near the town of Puchuncavi (32° 45° 45”
S; 71° 24° 58” W) at a reclaimed fly ash landfill site be-
longing to AES Gener S.A. The climate is Mediterranean
semi-arid, with 6-7 dry months, a mean annual precipita-
tion of 370 mm and a mean annual temperature of 14 °C
(di Castri and Hajek 1976). During the years of the study,
rainfall was 204 mm in 2008 (from the date of planting in
August through December), 442 mm in 2009, and 362 mm
in 2010. In this area, 80-90 % of the precipitation occurs
between June and September (di Castri and Hajek 1976).
The area adjacent to the experimental site is dominated
by sclerophyllous forest with pioneer tree species such as
Acacia caven, Maytenus boaria Mol., Quillaja saponaria
Mol., Lithrea caustica (Mol.) H. et A., Schinus latifolius
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(Gill. ex Lindl.) Engler., Schinus polygamus (Cav.) Cabr.,
and Kageneckia oblonga R. et P.; and late-successional
tree species such as Peumus boldus Mol. and Cryptocarya
alba (Mol.) Looser. By contrast, the experimental site had
been highly disturbed to serve as a landfill for a nearby
energy production facility. Woody vegetation had been cut
and a layer of the natural soil approximately 3 m in depth
was removed and preserved nearby. After that, a layer of
approximately 8 m of residual ash from energy production
based on mineral coal was deposited in the excavated area,
and eventually covered with an approximately 0.8 m la-
yer of soil previously extracted from the site. Thereafter, a
continuous herbaceous layer became naturally established
across the surface (approx. 90 % cover).

Because of this management, the physical structure
of the soil was completely modified compared to that of
the adjacent undisturbed areas. The chemical and physical
properties of this type of residue have been documented by
Dellantonio et al. (2008). Within the experimental site, we
found that soil pH, organic matter and phosphorous were
significantly higher at a depth of 1 m (in the ash stratum)
than at a depth of 0.2 m (table 1). In addition, organic mat-
ter and phosphorous were also significantly higher than in
the adjacent area, but only at a depth of 1 m. In general,
soil characteristics in the stratum in which plants were
planted (higher) did not differ significantly between the
experimental site and the adjacent natural areas (table 1).

Plant material. For the experimental planting we used
Maytenus boaria, Quillaja saponaria, Lithrea caustica,
Schinus latifolius, Schinus polygamus and Kageneckia
oblonga. These are shade-intolerant or semi-tolerant pio-
neer species common to the entire Mediterranean region of
Chile (Rodriguez et al. 1983).

Plants were obtained from a typical commercial green-
house (Vivero y Jardin Pumahuida Ltda.), located on the
northern area of Santiago, Chile, where they were grown
from seeds collected in central Chile, primarily near San-
tiago. We obtained plants of two different sizes, using ones
of different ages with each species. Smaller (1 year old)
and larger (4 year old) plants were produced from seeds
collected at the same localities, although in different years.

All plants were cultivated in sand mixed (80:20) with
soil collected from native forests, grown under shade
(50 %), and irrigated to keep the soil permanently humid.
No plant was fertilized in the greenhouse, nor acclimated
before transplanting. The production process in this and
many other greenhouses is to first sow individuals seeds in
small containers (1.5 L, 5 cm radius, 20 cm depth), grow
the seedlings for 1 year, and then transplant them into larger
containers (10 L, 10 cmradius, 32 cm depth). Consequently,
the older plants had a larger root systems and longer shoots.
Height at planting (mean £ 1 SD) for smaller and larger
plants, respectively, was 48.1 £9.7 cm and 207.7 £ 20.8 cm
for Q. saponaria, 14.5 = 2.9 cm and 64.2 + 13.2 cm for
K. oblonga, 25.0 + 6.0 cm and 48.1 + 13.3 c¢cm for L. caus-
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Table 1. Soil characteristics at lower (1 m) and higher (0.2 m) depths in the experimental site and adjacent natural habitat (N = 3
for each depth and site). Soil samples were randomly collected within each site. Different lower-case and upper-case letters indicate
significant statistical differences (ANOVA, LSD post-hoc tests, P < 0.05) between depth levels for a single site and between sites for
a single depth, respectively.

Caracteristicas del suelo en dos profundidades: profunda (1 m) y superficial (0,2 m) en el sitio de la plantacion experimental y en un area
aledafia de vegetacion natural remanente (N = 3 para cada profundidad y sitio). Las muestras de suelo fueron colectadas aleatoriamente dentro de cada
sitio. Diferentes letras minusculas y mayusculas indican respectivamente diferencias estadisticas significativas (ANDEVA, prueba a posteriori LSD,

P < 0,05) entre niveles de profundidad dentro de un sitio y entre sitios para un particular nivel de profundidad.

Site Soil depth pH Organic matter Nitrogen Phosphorus Potassium
(%) (mg kg™) (mg kg™) (mg kg™)
Plantation Lower 8.26+0.1242 7.79 £ 1.244 10.00 £+ 2.0842 34.00 £ 4.934 70.00 & 8.7242
Plantation Higher 6.72 £ 0.07*° 1.10 £ 0.10*° 8.00 + 1.7342 9.00 + 1.00%0 129.33 £22.15%
Natural habitat Lower 7.18 £0.354 0.79 + 0.3652 6.33 £ 1.204 3.00 + 1.5382 81.67 £ 15.074
Natural habitat Higher 5.67 £ 0.494° 248 £0.18" 11.00 £ 3.7942 8.67 £ 1.454 118.33 + 15.86"

tica, 30.6 £ 6.2 and 184.4 + 19.6 cm for S. latifolius, 28.6 +
7.1 cmand 108.7 = 13.5 c¢m for S. polygamus and 15.5+3.3
and 166.4 £ 18.2 cm for M. boaria.

Experimental design. In August of 2008, we planted 960
trees of the six species (160 individuals per species) in a
regular distribution with 3 m spacing between adjacent in-
dividuals. Each tree was planted in a previously dug hole
that was 40 cm deep and 40 cm in diameter. The 160 indi-
viduals of each species were divided evenly into treatment
groups based on plant size and irrigation as follows: 80
smaller and 80 larger trees of each species, with half of
each size group irrigated. The 6 x 2 x 2 factorial experiment
included species (6), irrigation (2), and size (2) as factors;
with 40 individuals of each species per treatment group. In
addition, areas where ash residues are deposited after coal-
based energy production typically are flat or sloped (up to
10 %). To explore possible differences, we installed 30 %
of replicates (N = 12 per species per treatment group) in
a sloped area, and 70 % (N = 28 per species per treatment
group) in a flat one. We included these two conditions (flat
and sloped) as blocks in the statistical analyses.

The experimental site was protected from cattle by a
fence 1.5 m in height enclosing the entire 100 m x 300 m
area, and each plant was additionally protected by a wire
mesh fence 0.5 m in height. We distributed plants in rows
of 32 individuals, using one species for the first 16, and
another species for the second 16. The other four species
were arranged in the same way in two adjacent rows, crea-
ting a group with three rows. We installed 10 of these three-
row groups having 160 individuals per species, with nine
rows in the sloped area (288 plants overall) and 21 rows
in the flat area (672 plants overall). All rows were oriented
parallel to the slope (along the contour). Each species was
located on the right section of the row in five rows, and on
the left section in the other five rows. Within each group
of 16 individuals per species, we planted eight smaller and
larger plants alternately. For each group of 16 individuals
per species in each row, we irrigated plants in alternate

groups of four plants (including two smaller and two larger
plants) with two irrigated and two non-irrigated groups of
four plants. This spatial design allowed us to distribute spe-
cies and treatments throughout the entire study area, and to
economize the design of our irrigation system.

Once a month from October to April of each year,
irrigated plants received 8 L of potable water applied to a
0.25 m radius around the base. In the sloped area, irrigated
plants were in the same positions in every row. This insu-
red that the irrigated plants in one row were exactly above
or below those plants in the next row. Thus, if irrigation
resulted in some underground downslope movement of
water across rows (surface runoff did not occur), this water
always reached another irrigated plant, and non-irrigated
plants did not receive water originated by any subsurface
flow initiated by the irrigation. In the flat area, we found
no signs that surface runoff occurred. If water spread un-
derground, it was probably slight.

We monitored survival once per month from the plan-
ting date (August, 2008) through the end of the experiment
(September, 2010), and assessed the height (from the soil
to the tip of the longest shoot) of each plant in September
of 2009 and September of 2010. During August and Sept-
ember 2008 after planting, some individuals within the flat
area were flooded when water from winter rainfall accu-
mulated in the planting holes. Water remained in the holes
for approximately one month, and some flooded seedlings
died. Those same holes flooded again the following year,
but no living plants were affected, as plants in the flooded
holes died during the first year.

Statistical analyses. Comparison of survival between floo-
ded and non-flooded plants within the flat area was perfor-
med using a generalized lineal model (GLM) that included
flooding, species, and their interaction as factors. Further
analyses, including the originally planned assessment of
effects on survival and growth based on size and irrigation,
were performed using only those individuals that survived
the flooding. Because no plants in the sloped areca were
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flooded, the number per species for that area remained at 48
(N = 12 per treatment group per species). To balance the
sample sizes across groups within the flat area, we randomly
decreased the sample to 10 plants per species per treatment
group (40 plants per species and 240 plants overall), as this
was the lowest number of plants that survived flooding for
any species in any one treatment group. Similarly, becau-
se of mortality during the experiment and to balance the
number of replicates among treatments for the analysis of
growth, we equated all sample sizes to the lowest number
of surviving plants of any one species remaining in any one
treatment. To do this, we randomly selected living indivi-
duals until the criterion sample size, in this case five plants,
was reached for each species per treatment group.

We assessed effects of the experimental factors two
years after planting. Survival was analyzed using a gene-
ralized lineal model that included irrigation, size, and spe-
cies as factors, with topographic position (sloped or flat)
as a blocking factor, and individual plants as replicates
(dead or alive; the binomial link function was used). Simi-
larly, the effects on growth in height were analyzed using
a generalized lineal model that included the same factors
(but only living individuals). Growth was evaluated using
the absolute difference of height (cm) between Septem-
ber 2010 and September 2008. Though growth data were

distributed normally, some individuals decreased in height
and lost biomass during the 2-year growth period. Hence
we used a power link function in the statistical analysis.
All statistical analyses were performed using SPSS 15.0.

RESULTS

Effects of flooding on survival. No plant located in the slo-
ped area was affected by flooding. Among those on the flat
area (672), 221 (32.89 %) were flooded, and of these, 118
(53.4 %) survived. Among the non-flooded plants (N =451),
383 (84.9 %) survived through the first two months. S. lati-
folius and S. polygamus were the most resistant to flooding,
with 89.7 % and 87.5 % survival, respectively. K. oblonga
was the least resistant to flooding, with only 2 % of flooded
plants surviving.

We observed differences in survival between species as
early as two months after planting (3> = 165.93, P < 0.001;
figure 1). In general, flooding significantly reduced plant
survival (2 = 66.92, P < 0.001). However, we found a signi-
ficant interaction between flooding and species (y? = 18.40,
P =0.002). With K. oblonga, L. caustica and Q. saponaria,
flooded plants had significantly lower survival than non-
flooded plants, but the other species were not significantly
affected by flooding (figure 1).
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Figure 1. Survival by species two months after planting. Total N per species = 160, N of flooded individuals per species varied between
30 and 50, F+: flooded, and F-: not flooded. N of not-flooded individuals per species varied between 110 and 130. Different lower-case
letters indicate significant statistical differences (GLM, LSD post-hoc tests, P <0.05) between flooding conditions within a single species.

Porcentaje de sobrevivencia de plantas después de la inundacion (F+: inundada, F-: no inundada) de cada especie dos meses después de la
plantacion. N total por especie = 160, N de inundados por especie vari entre 30 y 50, N de plantas no inundadas por especie vari6 entre 110 y 130.
Diferentes letras minfisculas indican diferencias estadisticas significativas (GLM, prueba a posteriori LSD, P < 0,05) entre condiciones de inundacion

para una especie particular.
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Effects of experimental factors on plant survival. Alto-
gether, 501 plants were alive in the flat area two months
after planting (118 flooded, plus 383 non-flooded plants).
To balance the experiment, we used 240 plants, including
31 that were flooded. For the whole experiment (including
240 plants from the flat area, plus 288 from the sloped
area, or 528 plants overall), only 5.87 % were flooded.
We found significant differences in survival among
species, sizes, and irrigation treatments at the end of the
2-year experiment (table 2). The block alone had no ef-
fect, but we found a significant interaction between block
and species, indicating that the survival of some species
differed between topographical positions. Specifically,
M. boaria survival was significantly superior in sloped ar-
eas (68.18 %) than in flat areas (47.52 %; Fisher’s least sig-
nificant difference (LSD) post-hoc test, P < 0.05), and sur-
vival of S. latifolius in flat areas (95.37 %) was significantly
higher than in sloped areas (78.26 %; LSD post-hoc test,
P < 0.05). Survival of the other species did not differ be-
tween blocks. Interactions between block and plant size, or
between block and irrigation, were not statistically signifi-
cant (table 2), indicating that topographic position in itself
had no influence on the effect of these experimental factors

Table 2. Survival (GLM analyses, binomial distribution and lo-
git link function) two years after planting in response to irrigation
(with and without summer irrigation), plant size (smaller and lar-
ger plants), species and block (slope and flat area). N values per
combination of species, irrigation and size were 12 for the slope
area and 10 for the flat area (see methods for more explanation).

Resultados estadisticos de sobrevivencia (analisis GLM, usan-
do distribucion binomial y funcion link tipo logit) dos afios después de
la plantacion para el efecto del riego (con y sin riego), tamafo de plantas
(pequenas y grandes), especie y bloque (area plana y con pendiente). Los
valores de N por combinacion de especie, riego, tamafo fueron 12 para el
area inclinada y 10 para el area plana.

Source of variation d.f. x? P

Block 1 1.01 0.315
Species 5 129.27 <0.001
Irrigation 1 16.81  <0.001
Size 1 3091 <0.001
Species x Block 5 17.37 0.004
Irrigation x Block 1 3.38 0.070
Size x Block 1 0.95 0.329
Species x Irrigation 5 29.86  <0.001
Species x Size 5 12.68 0.026
Irrigation x Size 1 0.49 0.483
Species x Irrigation x Block 5 5.27 0.384
Species x Size x Block 5 3.57 0.612
Species x Irrigation x Size 5 8.47 0.132
Irrigation x Size x Block 1 0.16 0.688
Species x Irrigation x Size 5 3.96 0.265

x Block
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for any species. Consequently, we pooled both blocks in
figure 2 to illustrate survival in the experimental treatments.

We found significantly greater survival among larger
plants (77.83 %) than among smaller ones (62.61 %), and
that survival of irrigated plants (77.57 %) was significantly
higher than that of non-irrigated ones (64.30 %; figure 2).
We also detected a significant interaction between size and
species (table 2), indicating that larger plants had a high-
er probability of survival only in some species (figure 2).
Similarly, we observed a significant interaction between
irrigation and species (table 2), indicating that irrigation
enhanced survival for only some species (figure 2). We
observed significantly higher survival for larger plants of
M. boaria regardless of irrigation treatment. For K. oblonga,
Q. saponaria and S. latifolius, larger plants survived better
than smaller ones, but only without irrigation (figure 2). For
K. oblonga and M. boaria, irrigation enhanced the survival
of both smaller and larger plants; while irrigation increased
the survival only of smaller plants for S. latifolius. In the
other species, irrigation had no significant effect on surviv-
al (figure 2). The three highest survival rates were observed
in non-irrigated larger plants of S. latifolius (97.5 %) and
S. polygamus (97.4 %), and with irrigated larger plants of
S. polygamus (95.0 %).

Effects of experimental factors on plant growth. We ob-
served significant differences in growth of plants based
on species, size, and irrigation treatment (table 3). But we
found no significant effect of block and no significant in-
teractions between block and other factors, indicating that
topographic position had no influence on growth of sur-
viving plants or on other factors that might affect growth.
Therefore we pooled the data from sloped and flat areas in
figure 3 to illustrate differences in growth among treatment
groups for each species.

The growth (mean + 1 SE) of irrigated plants (0.19 +
0.02) was significantly higher than that of non-irrigated
plants (0.08 + 0.02). Furthermore, growth of smaller plants
(0.35 + 0.02) significantly exceeded that of larger plants
(0.001 £ 0.01). However, we observed a significant statis-
tical interaction between species and size (table 3). Small-
er plants grew significantly faster than larger ones only for
M. boaria, K. oblonga, S. polygamus, and S. latifolius (fig-
ure 3). Furthermore, irrigation enhanced the growth only
of smaller plants of K. oblonga and S. latifolius, and only
among larger plants of S. polygamus (figure 3). For the
other three species, irrigation had no significant effect on
growth. The three highest growth rates were observed with
irrigated smaller plants of K. oblonga, and non-irrigated
and irrigated smaller plants of M. boaria (figure 3).

DISCUSSION
Flooding caused mortality of some plants during the

first two months after planting in this experiment, but only
in the flat area where rainwater accumulated in the plan-
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Figure 2. Survival per species two years after planting (Y: smaller or 1-year-old plants, O: larger or 4-year-old plants; I+: with irriga-
tion, I-: without irrigation). Different lower-case and upper-case letters indicate significant statistical differences (GLM, LSD post-hoc
tests, P < 0.05) between plant sizes within a single species and irrigation treatment, and between irrigation treatments within a single

species and size, respectively.

Porcentaje de sobrevivencia por especie dos afios después de la plantacion (Y: plantas pequefias de un afo; O: plantas grandes de cuatro
afos; [+: con riego; I-: sin riego). Diferentes letras mintisculas y mayusculas indican respectivamente diferencias estadisticas significativas (GLM, test
a posteriori LSD, P < 0,05) entre tamafios de planta dentro de una particular especie y tratamiento de riego, y entre tratamientos de riego dentro de una

particular especie y tamafio.

ting holes, and likely due to impeded percolation through
the ash substrate (Neuschiitz et al. 2006, Haynes 2009).
Thus, a first step in the restoration of areas on this type of
substrate would be to confirm that the layer of original soil
laid down over the ash is adequately thick (> 1 m deep) to
insure good drainage in the rooting zone. Alternatively, re-
claimed landfill sites could have a slight slope throughout
to minimize water accumulation on the surface.

Several studies have shown that in semiarid regions
such as Mediterranean areas, irrigation enhances the sur-
vival and growth of both naturally seeded vegetation and
plantations (Rey-Benayas et al. 2002, Pardos et al. 2005,
Holmgren et al. 2006, Squeo et al. 2007, Siles et al. 2010).
Moreover, some recent studies indicate that higher water
availability improves survival and growth when supplied
during the warm season (Holmgren et al. 2006, Squeo et
al. 2007, Siles et al. 2010). Consistent with these reports,
irrigation in our study enhanced survival regardless of the
plant size in two species (K. oblonga and M. boaria), and
primarily among smaller trees of S. latifolius. In addition,
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irrigation increased the growth rate of smaller plants for
K. oblonga and S. latifolius. However, irrigation did not
enhance survival and growth of all species.

Our study area was located in a coastal area where
clouds occur more frequently than in the more xeric inte-
rior and northern Mediterranean region of Chile (di Castri
and Hajek 1976). Further, coal ash buried beneath the top
soil layer frequently enhances water retention (Adriano
and Weber 2001), and might have increased the soil mois-
ture availability and improved survival of non-irrigated
plants. Therefore, it is probable that species not affected
by irrigation (L. caustica, Q. saponaria and S. polygamus)
were not significantly limited by water availability. Ap-
parently, this is true for the more drought-resistant species
(e.g. Brinks etal. 2011). For instance, S. polygamus has the
northernmost and most xeric distribution of the six study
species (Rodriguez et al. 1983). In addition, L. caustica
and Q. saponaria are typically the only tree species found
in the more xeric habitats within the region (Armesto and
Pickett 1985). Accordingly, S. polygamus, L. caustica and



Table 3. Statistical results (GLM analyses, normal distribution
and power link function) for absolute height growth two years af-
ter planting in response to block (slope and flat areas), irrigation
(with and without summer irrigation), size (smaller and larger),
and species. All statistical analyses of growth were performed
only with individuals alive two years after planting. The number
of replicates was homogenized among treatments and species to
N =5 for each combination of treatments and block per species.

Resultados estadisticos del crecimiento absoluto en altura
(analisis GLM, usando distribucién normal y funcién link tipo power)
dos afios después de la plantacion para el efecto del riego (con y sin
riego), tamafio de plantas (pequefias y grandes), especie y bloque (area
plana y con pendiente). Los valores de N fueron homogenizados a cinco
plantas por combinacion de especie, riego, tamafio y bloque.

Source of variation d.f. x 2 P

Block 1 0.022 0.882
Species 5 2291 <0.001
Irrigation 1 12.46 <0.001
Size 1 191.17 <0.001
Species x Block 5 9.05 0.107
Irrigation x Block 1 0.77 0.381
Size x Block 1 0.58 0.443
Species x Irrigation 5 4.93 0.424
Species x Size 5 99.72 <0.001
Size x Irrigation 1 1.55 0.212
Species x Irrigation x Block 5 3.66 0.598
Species x Size x Block 5 3.43 0.634
Irrigation x Size x Block 1 0.26 0.609
Species x Irrigation x Size 5 8.69 0.122
Species x Irrigation x Size x 5 461 0.466

Block

Q. saponaria probably have the greatest drought tolerance
of the six study species. In contrast, species affected by
irrigation, especially M. boaria, grow mainly in relative-
ly moist habitats (Armesto and Pickett 1985). These find-
ings suggest that geographical limits and habitat distribu-
tion may be good indicators of irrigation requirements of
woody species at a given locality.

For water-demanding species (such as M. boaria and
K. oblonga), both larger and smaller plants were positive-
ly affected by irrigation, suggesting that both sizes were
water-limited. On the other hand, in less water-demanding
species, (S. polygamus and L. caustica), neither larger or
smaller plants were affected by irrigation, and apparently
were not limited by water under environmental conditions
of the experiment. For species classified in the middle of a
water requirement gradient (e.g., S. latifolius, after Armes-
to and Pickett 1985), irrigation significantly influenced
survival only for the smaller plants.

Many reforestation projects in central Chile include
irrigation for only two or three years after planting (Al-
tamirano 2008). Our results suggest that in more water-de-
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manding species, and especially for reforestation using
1-year-old plants of water demanding species, irrigation
should last at least four years, although our data do not
indicate how much longer irrigation should continue. With
species classified in the middle of a water requirement gra-
dient, irrigation of 1-year-old plants would be necessary
only during the first year after planting. Probably irrigation
is not necessary for more xerophytic species under condi-
tions of substrate and climate similar to our experiment.

Some studies have documented ontogenetic shifts
in the tolerances and ecophysiological requirements of
woody species (Rey and Alcantara 2000, Lusk 2004), su-
ggesting that the age and size at planting may influence
the establishment success. Our results suggest that older
and larger plants survive better than younger and smaller
ones under non-irrigated conditions, but only among three
of the six species studied (K. oblonga, Q. saponaria and
S. latifolius). With M. boaria, larger plants survived better
both with and without irrigation. Siles et al. (2010) also
observed that the higher survival rate among older and lar-
ger plants depended on the abiotic conditions and species.
In our study, the larger plants were taller and probably had
larger root systems, potentially enhancing water uptake and
survival (Lamhamedi et al. 1998, Radomiljac 1998). Thus,
perhaps the size of the root system rather than age, per se,
leads to greater survival of the older plants (Lamhamedi
et al. 1998). However, this possibility needs additional re-
search to clarify the effects of age and size. On the other
hand, and counter to our hypothesis, larger plants did not
grow faster than smaller ones. In fact, among four species
(M. boaria. K. oblonga, S. latifolius and S. polygamus),
smaller plants grew faster than the larger ones. It is pro-
bable that the abrupt change of environmental conditions
from greenhouse to the experimental field has had a stron-
ger impact in larger plants, losing biomass and height after
planting, resulting in less height at the end of the experi-
ment; although this did not entail more elevated mortality.

Species showing no effect of size (at least in survival)
naturally grow in more xeric habitats of Chile, and probably
are more drought resistant (S. polygamus and L. caustica).
Those where plant size proved influential with or without
irrigation (M. boaria) are probably more water-demanding
(Rodriguez et al. 1983, Armesto and Picket 1985). Thus,
we suggest that size (or age) may be important to survival
among the more water-demanding species.

Among semiarid ecosystems (e.g., Rey et al. 2009, Pa-
dilla and Pugnaire 2009), including central Chile (Armes-
to and Pickett 1985, Fuentes et al. 1986), establishment
of most native tree species is facilitated by nurse pioneer
shrubs, especially in more xeric conditions. This has
been attributed primarily to higher soil moisture beneath
the shrub canopy, compared to open areas (Fuentes et al.
1986, Del Pozo et al. 1989, Becerra et al. 2011). Similar
relationships have also been observed for some tree spe-
cies, even shade-intolerant ones used in our experiment
(e.g., L. caustica, Q. saponaria, M. boaria and S. polyga-
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Figure 3. Absolute height growth in two years per species (mean + 1 SE) (Y: smaller or 1-year-old plants; O: larger or 4 year-old
plants; I+ with irrigation; I-: without irrigation). Different lower-case and upper-case letters indicate significant statistical differences
(GLM, LSD post-hoc tests, P < 0.05) between sizes within a single species and irrigation treatment and between irrigation treatments

within a single species and size, respectively.

Tasa de crecimiento absoluto en altura en dos afios por especie (media + 1 EE) (Y: plantas pequefias de un afio; O: plantas grandes de cuatro
afios; I+: con riego; I-: sin riego). Diferentes letras mintisculas y mayusculas indican respectivamente diferencias estadisticas significativas (GLM, test
a posteriori LSD, P < 0,05) entre tamafios de planta dentro de una particular especie y tratamiento de riego, y entre tratamientos de riego dentro de una

particular especie y tamafio.

mus; Fuentes et al. 1986). Our results suggest that the use
of larger plants and/or irrigation may improve survival in
open areas and accelerate restoration without the necessity
of establishing nurse pioneer shrubs before tree planting.
Our results apply to artificial establishments of trees in
semiarid ecosystems with an oceanic influence, and espe-
cially to semiarid regions with reclaimed fly ash landfills
(and perhaps after mining), including across the coastal
Mediterranean region of Chile. Yet we cannot predict fu-
ture outcomes from the plantation due to the relatively thin
(0.8 m) substrate and possibly toxic effects of the ash res-
idues on the trees (Haynes 2009). Fly ash has been toxic
for some plants (Dellantonio et al. 2008, Haynes 2009);
though this must yet be assessed for the full range of spe-
cies used for restoration over a fly ash substrate. The fact
that chemical properties in the upper soil horizon at the
experimental site did not differ significantly from those at
surrounding natural habitats (table 1) suggests that at least
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the upper soil stratum should prove suitable for initial sur-
vival and development. And while after two years the roots
of most plants have not reached the ash substrate (personal
observation), a fly ash substrate has not limited root pene-
tration in other species (Neuschiitz et al. 2006).

Our results suggest that irrigation and plant size may
importantly affect the success of seedling survival and
growth in restoration projects, but the effects vary across
species. With drought-resistant species, irrigation and size
seem unimportant for survival. Among water-demanding
species, both irrigation and the use of larger plants would
improve survival. For species classified in the middle of
a water requirement gradient, irrigation seems necessary
only with small plants. On the other hand, irrigation rather
than using larger plants may improve growth in height,
although this depends on the species. However, the effects
of irrigation and the role of plant size on growth in height
were not correlated to drought-resistance of species. For



restoration on this type of substrate in the coastal area of
central Chile, we advise planting mainly large (at least 4
year old) plants of S. latifolius and S. polygamus without
irrigation. To increase species diversity restoration pro-
jects may use large plants of K. oblonga, M. boaria and
Q. saponaria with irrigation during summer, and large
plants of L. caustica without irrigation. Irrigation may be
useful in S. latifolius, K. oblonga or S. polygamus only if
increased height growth is required.
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