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Abstract Post planting assistance techniques during early ontogeny may be a deter-
mining factor for tree survival in stressful habitats. In the eastern region of NW Patagonia,
stands of the fast-growing exotic conifers Pinus ponderosa (Ponderosa pine) and Pseu-
dotsuga menziesii (Douglas fir) are being established in places which are currently, or were
in the past, occupied by native Austrocedrus chilensis (mountain cypress) forests. We
hypothesize that mitigation techniques could (1) reduce photoinhibition and consequently
increase the net photosynthesis rate of plants under high radiation conditions due to in-
creases in the dissipation of radiation with Kaolin, (2) improve water availability in soils
using hydrogel, and (3) reduce the effects of chills and frosts events in the species that are
most susceptible to environmental stress, A. chilensis and P. menziesii, achieving similar
values to those measured in the most resistant species, P. ponderosa using film-forming
polymers such as Poly-1-p-Menthene. The short-term responses of seedlings to solar ra-
diation, soil water availability and air temperature were evaluated through gas exchange
capacities. Our results indicate that the effects of the different techniques depend on the
susceptibility of the species to environmental stress. Kaolin treatment increased stomatal
conductance, photosynthesis and transpiration rates in all species. For the hydrogel assay,
higher pot volumetric water content was observed in treated plants than in control plants.
Pinus ponderosa showed a lower response to the application of hydrogel, while a positive
response was observed in A. chilensis and no effect in P. menziesii. The frost mitigation
technique evaluated proved unsuitable for the three study species, but appears to work as
an anti-desiccant for P. menziesii. In order to optimize the process of planting and
establishment for a particular species, the package of techniques needs to be evaluated
regarding the requirements and susceptibility to environmental stress of that species.
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Introduction

Given the fact that the initial life stages of trees are particularly susceptible to environ-
mental stress conditions (Niinemets 2010; Beniwal et al. 2011), the development of stress
mitigation strategies during early ontogeny seems to be a determining factor for survival in
habitats with environmental stress (Pratolongo et al. 2003). In the context of Global
Change, climatic forecasts predict more stressful conditions than current or historical ones
for several parts of the world (IPCC 2008). Thus, the development and evaluation of post-
planting techniques that contribute to the mitigation of negative effects on forest planta-
tions should be studied and validated (Aitken et al. 2008; Oliet and Jacobs 2012).

The climate of NW Argentinean Patagonia is characterized by semi-arid conditions with
marked seasonality superimposed on a spatial gradient of precipitation, with high inter-
annual variability that also increased in the drier region (Jobbagy et al. 1995; Paruelo et al.
1998). Mean annual temperature ranges from 4 °C in the south of the region to 12 °C in the
north (Paruelo et al. 1998). The absolute maximum and minimum temperatures are in the
order of 34 and —20 °C respectively. The mean maximum temperature in the region ranges
from 14 to 22 °C and the mean minimum temperature ranges from 0 to 6 °C (SMN 2008).
The average period of frost lasts from February to December in a narrow strip alongside
the Andes, and from March to November towards the east, in the ecotone between the
temperate forests and the semi-arid steppes (Burgos 1971). Climate models predict an
increase in future climate variability in the Patagonian region, with a trend towards greater
water stress and extreme events (Fuenzalida et al. 2006; IPCC 2008), which could jeop-
ardize the survival of conifer seedlings of both native and introduced species.

In the eastern region of NW Patagonia, where mean annual precipitation ranges from
650 to 1200 mm, stands of fast growing exotic conifers Ponderosa pine (Pinus ponderosa
Dougl. Ex Laws.) and in a lower proportion, Douglas fir (Pseudotsuga menziesii Mirb.
Franco.) are now being established at sites which are currently, or have been in the past,
occupied by forests of the native mountain cypress [Austrocedrus chilensis (D. Don) Pic.
Sermolli et Bizzarri]. Both P. ponderosa and P. menziesii are native to North America and
have a wide geographical distribution range, occupying sites with variable climatic con-
ditions (Oliver and Ryker 1990; Kavanagh et al. 1999). Both species differ in ecological
niche with P. ponderosa living in drier sites than P. menziesii (Oliver and Ryker 1990).

Ecophysiological studies and empirical observation in NW Patagonia have shown that
P. ponderosa seedlings have higher capacity to survive under stressful conditions than P.
menziesii and A. chilensis (SAGPyA 1999). The synergies of atmospheric demand, high
solar radiation and summer drought, plus frosts from spring until autumn are the most
important stress factors in NW Patagonia. Several studies have concluded that the mag-
nitude of the stress effect on P. ponderosa and its survival in hot dry sites depend primarily
on its capacity for heat dissipation through rapid transpiration (DeLucia and Schlesinger
1991). Pinus ponderosa showed high capacity to survive under drought conditions by
developing a deep taproot that facilitates the acquisition of soil water, but this strategy fails
when drought occurs during spring (Fernandez et al. 2014). Late frost and water stress are
mentioned as the main sources of mortality for P. menziesii plantations in Patagonia
(Tejera and Davel 2005). The survival of P. menziesii seedlings improved when they were
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planted under the cover of other species such as tall shrubs or trees (Tejera and Davel
2005). Shading presumably decreases atmospheric demand and/or leaf temperature, en-
hancing seedling survival.

Austrocedrus chilensis provides timber for construction and furniture throughout
Patagonia, and is the native species with the greatest commercial importance in the region
(Letourneau 2006).The A. chilensis native conifer forests occupy sites with significant
water deficits, growing as isolated clumps even in the Patagonian steppe (with rainfall less
than 500 mm year'). Nevertheless, mortality episodes and/or drastic reduction of growth
have occurred in association with “El Nifio” periods (hot, dry summers; Villalba and
Veblen 1998; Suarez et al. 2004). The natural regeneration of A. chilensis is severely
limited by environmental stress. Its survival in the early stages of establishment requires
nurse plants (Letourneau 2006) that will prevent high radiation levels from producing
damage caused basically by the low capacity for energy dissipation due to the high hy-
draulic resistance of the soil-to-leaf pathway (Gyenge et al. 2007). Even when soil water
availability was not limiting, all seedlings showed early stomatal closure in response to
moderate evaporative demand. Excess radiation can thus cause deleterious effects on
performance.

To date, there is no systematized information about seedling mortality for the different
species planted in NW Patagonia. The average rates of seedling mortality are highly
variable depending on the species, the climatic conditions of the year of plantation, site
quality index, presence or absence of nurse species, herbivore pressure, etc. However it is
important to highlight that the highest percentage of deaths occurs during the first months
after planting, and that the plants can be considered safely established several years after
planting (Rago pers. comm.; Aparicio 2014). In addition, the abovementioned suscepti-
bilities of each species mean that the average seedling mortality rate tends to be higher for
A.chilensis and P. menziesii than for P. ponderosa.

There are several examples of stress mitigation techniques used in fruit and tree species
(e.g. clays, water retention polymers, antitranspirant, antifreeze, etc.). One example of
radiation management is the use of inert mineral clays such as Kaolin [Al4Si40;9 (OH)g]
applied as a suspension to plant canopies, forming a film on leaves that increases reflection
and reduces absorption of light (Cantore et al. 2009). It has been found that covering plants
with Kaolin limits thermal stress (Melgarejo et al. 2004) and generates moderate water
uptake (Moftah and Al-Humaid 2005), reducing damage by sunburn (Wand et al. 2006)
and limiting the incidence of some pests (Knight et al. 2000).

Synthetic polymers have been used in plantation management to protect roots because
of their high water retention capacity, which reduces the irrigation frequency needed and
the loss of chemicals through leaching and washing (e.g. Sojka et al. 2007; Luo et al. 2009;
Shi et al. 2010; Chirino et al. 2011; Savi et al. 2014).

Water emulsifier organic concentrate with Poly-1-p-Menthene as the principal active
agent has been used on plants as a spreader-sticker to extend pesticides and lengthen the
life of foliar-applied insecticides and fungicides. The soft, flexible film formed after the
spray dries significantly reduces moisture loss through the plant foliage. Additionally, it
can be used to reduce winter damage caused by cold desiccation.

The aim of this study is to evaluate the potential use of a package of techniques (kaolin
in order to reduce the radiation on foliage, hydrogel in order to increase soils water
availability and anti-desiccants in order to reduce the effects of frosts), to optimize the
process of production, planting and establishment of forests trees with different suscepti-
bilities to environmental stress. We hypothesize that by increasing the dissipation of ra-
diation, improving the water availability of soils and reducing the effects of chills and
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frosts events in A. chilensis and P. menziesii, the implementation of mitigation techniques
would increase their physiological performance, enabling them to attain values similar to
those of P. ponderosa. As a first part of this study, we evaluate the potential of different
mitigation techniques under laboratory conditions and discuss the results according to
preliminary information from field assays.

Materials and methods

Greenhouse and growth chamber assays were performed under semi-controlled conditions
during the growing season of October to March 2012-2013 at the Agricultural Ex-
perimental Station of the National Institute for Crop and Livestock Technology (Instituto
Nacional de Tecnologia Agropecuaria, INTA) Bariloche, Rio Negro Province, Argentina
(41°08'S, 71°17"W). For the greenhouse assays, seedlings of all the three species were
placed on open countertops in a completely randomized design to ensure the self-pruning
of roots. The stress variables of interest (high radiation levels, low water availability and
low temperatures) were generated to evaluate the effects of three mitigation techniques
(see below) on the short-term responses of the seedlings. A pool of geographical origins
per species and the same production technique were used for all assays. The experiments
were performed on 2-year-old seedlings. One month before the beginning of the ex-
periment, all the seedlings were transplanted from their original containers to 3-1 plastic
pots (20 cm height) and watered daily. To select the pot volume for the experiment, we
determined seedling mean daily transpiration rate and selected a pot size that would ensure
water availability above the standard permanent wilting point (soil moisture at —1.5 MPa;
22 % vol/vol) for at least 1 week without watering (Trillo and Fernandez 2005). The soil
was sandy loam (clay = 6.6 %, silt = 41.9 %, sand = 51.5 %) similar to the soils in
which natural forests grow.

Mitigation of excess radiation in leaves

In order to determine the application dose of Surround® WP (BASF Company, Ka;
commercial Kaolin) for subsequent treatment of the seedlings (see below), the covering
power of Ka was determined by measuring the transmittance values, the amount of pho-
tosynthetic flux density (PPFD), and variation in the amounts of red and far red radiation
(R and FR, respectively) of glass plates of known area (0.4 m?) sprayed at four different
doses (pure water, 60 g 17" in one and two applications and 80 g 1™ in a single appli-
cation). The glass plates were weighed before and after spraying to determine the amount
of Ka per surface area (m~?) of each dose. Four plates were used per dose and spray
treatment.

To record the effect of the application of Ka on the photosynthetic performance of the
three species (A. chilensis, P. menziesii and P. ponderosa), 20 seedlings per species were
used. Ten seedlings per species were sprayed with an aqueous solution of 60 g 1= Sur-
round® WP, while the remaining ten seedlings were sprayed only with de-ionized water.
Plants were sprayed only once at the beginning of the growing season (November 2012).

Net photosynthesis rate at saturating PPFD (Asat; pmol CO, m~2 s~ at 1000 pmol
photons m~2 s~ "), stomatal conductance to water vapor (gs, mol HO m2s7h), changes in
the intrinsic water use efficiency (WUEIi) and transpiration rates (E, mmol H,O m2s7h
were evaluated on six dates during the 2012-2013 growing season (12/12/2012; 01/05/
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2013; 01/18/2013; 02/01/2013; 02/15/2013 and 03/01/2013) for all the seedlings per
species and treatment. Additionally, on a single date in December 2012, net photosynthesis
rate (A,; pmol CO, m~2 s~ 1) vs. PPED curves were plotted by using seven radiation
intensities (0, 50, 100, 250, 500, 1000 and 1200 pmol photons m~2 s7Y) for at least four
seedlings per species and treatment.

All measurements were taken on sunny days between 10:00 a.m. and 1:00 p.m. using a
LI-6400 portable photosynthesis measuring system (LI-COR, Lincoln, NE, USA) with a
6400-02B LED source. Each measurement was taken using a minimum waiting time of
180 s at each light intensity level and a 3 % coefficient of variation. The chamber tem-
perature was set at the same temperature of the air and leaf temperature was measured with
a thermocouple inserted inside the chamber. CO, partial pressure was set at
400 pmol mol~!. Airflow was set at 500 pmol s~ to maintain the ACO, greater than the
sensitivity threshold of the LI-6400 (5 pmol mol~"). Throughout the assay, greenhouse
temperature was 20.8 + 6.3 °C, relative humidity was 51.2 £ 16.5 % and radiation
(PPFD) was always above the light compensation point for all the species.

Mitigation of water shortage in soil

For each of species, the effect of a single dose application of a synthetic polymer (Gf,
Gelforest®, Tubron S.A.) with high water absorption capacity was evaluated using the dose
indicated by the manufacturer, 1 % of the total soil volume of the soil used in containers
(pots). Twenty seedlings per species were transplanted to 3-1 plastic pots. Prior to this, the
substrate of ten pots per species was mixed with Gf and ten pots were filled without Gf
(control). At the beginning of the assay, all pots were irrigated to field capacity and
wrapped in polythene bags to prevent direct evaporation from the soil surface of the pot.
After this, irrigation was suspended. All the pots were weighed every 2 days in order to
record water loss. On several dates, soil moisture was measured using a TDR device
(Hidrosence, Campbell Scientific, US). Both measurements were used to plot dehydration
curves for each species and treatment. Leaf stomatal conductance (gs, mol H,O m~? s la
proxy of photosynthesis rate) was measured on five dates during the 2012-2013 growth
season (12/04/12; 01/04/13; 01/17/13; 01/30/13; 02/14/13) at midmorning (9:00 a.m. to
11:00 a.m.) and noon (2:00 p.m. to 4:00 p.m.) with a steady state PMR-5 porometer
designed to be used with EGM-4 CO2 analyzer (PP Systems, Amesbury, USA).

Damage mitigation of frost events

In order to evaluate the effectiveness of NU-FILM-17® (Miller Chemical and Fertilizer
Corporation, Pennsylvania) in the most susceptible species (A. chilensis and P. menziesii)
we used growth chambers (SAD-9000, Consultar Group, Rosario, Argentina) to simulate
the most frequent frost event observed in the region.

Based on known physiological susceptibilities, we did not use P. ponderosa in this
assay (see above).

Duration of tested frost event was based on average temperature records from 23
weather stations from the Watershed Inter-jurisdictional Authority and Secretariat of Water
Resources, considering values beneath 0° C from October to March (growing season) for
the period 1997-2013. From this subset, we calculated mean, average and minimum
temperature for each station, and mean duration of the frost event. Based on this analysis
we decided to subject the seedlings to a —3 °C frost for 3 h.
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A group of 20 seedlings of each species was sprayed (once only in March 2013) using a
knapsack sprayer with a 1.5 % NU-FILM-17®-Water solution, while 20 seedlings were
kept unsprayed. Ten sprayed and ten unsprayed seedlings of each species were placed in
one of the chambers and subjected to a 3-h, —3 °C frost event by reducing the temperature
gradually from 20° C (at a rate of reduction of 5 °C per hour). The remaining seedlings (ten
sprayed and ten unsprayed per species) were kept under suboptimal conditions at 20 °C.
All seedlings were maintained with a suitable supply of water and under light conditions
(PPFD) above their compensation point and below light saturation point (approximately
700 pmol photons m~2 s ).

Net photosynthetic rate at saturating PPFD (Asat, pmol CO, m s, transpiration
rates (E) and intrinsic water use efficiency (WUEIi) were measured using an LI-COR 6400
prior to (December 2012) and after application of NU-FILM-17%, before subjecting the
seedlings to the frost event in growth chambers, immediately after the frost event (3 h at —
3 °C), and after 24 and 48 h (different days in February 2013). Because it was a short-term
experiment, neither allometric nor morphological aspects were quantified.

Statistical analysis

Differences between transmitted PPFD, R, FR and R/FR of the different Ka application
doses were compared using one-way ANOVA. The interactive effect of species, appli-
cation of Ka and time of evaluation (Time) on Asat, gs, WUEIi and E variables, due to the
factorial completely randomized design of the Ka assay (with repeated non equally spaced
measurements over time on the same experimental unit), were analyzed using linear mixed
models(LMM). A Euclidean exponential spatial covariance correlation structure was used.

In cases in which significant differences were detected, Bonferroni’s post hoc test was
applied. Analyses were performed using Extended and LMM in InfoStat Version 2014 (Di
Rienzo et al. 2014; Grupo InfoStat, FCA, UNC, Argentina). Interactions among all the
factors were tested. When the triple interaction or any of the two-way interactions were
significant, the hypotheses of interest were tested within species. In all cases, o = 0.05 was
considered. LMM were used to analyze differences in gs records between species and
treatments over time in the Gf application assay, and differences between Asat, E and
WUEi per treatment over time for the NU-FILM 17 ® application assay, in which LMM
was used to analyze the two species separately. Additionally, in this assay and in order to
test for the homogeneity of the experimental units, initial records (12/09/13) of Asat, WUEi
and E were compared between treatments for each species using a two-way ANOVA. The
record of the first assay measurement was used as covariate in the LMM model for all the
mentioned response variables in order to correct for possible differences in initial indi-
vidual values of the study variables.

Particularly for the A, versus PPFD curves of the Ka assay, the datasets per species and
treatment were fitted to a non-rectangular hyperbola model (Marshall and Biscoe 1980;
Cannell and Thornley 1998). This leaf photosynthesis function has three parameters:

1 1/2
An:%{axlmf\m— [(fxxli—l—AmM)z—Mx ocx]ixAmax} } (1)
where A, represents net photosynthetic rate (umol CO, m~2 s, A, is the maximum

saturated photosynthetic rate (the asymptote), /i is the incident radiation (mol m2> s~
PPFD), o is apparent quantum yield or radiation use efficiency (umol CO, mol~' PPFD)
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and 0 is the curvature (convexity, dimensionless) of the radiation—photosynthesis
relationship.

The dataset was fit to a non-rectangular hyperbola model (Eq. 1) by using non-linear
regression in Prism4 (GraphPad, San Diego, CA, USA). The accuracy of the fitted pa-
rameters was examined via the ratios between the standard errors of estimate (SEE) and the
best fitted values (Zar 1999). We used global fitting (Motulsky and Christopoulus 2004) to
compare the fitted parameters of the non-rectangular hyperbola equation between the
different treatments within species. In each case, we report the evidence ratio (ER) in favor
of the better model, comparing global versus separate fitting to the data (Motulsky and
Christopoulus 2004).When comparing two models, the probability of one model being
correct can be divided by the probability of the other being correct to obtain the evidence
ratio. The ratio indicates the relative likelihood of each model being correct. Higher ER
values indicate the selection of one of the particular models versus the global model.
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Fig. 1 Mean values (SD) of net photosynthetic activity at saturating PPFD (Asar; a, e, i panels), stomatal
conductance (gs; b, £, j panels), intrinsic water use efficiency (WUEi; ¢, g, k panels) and transpiration rates
(E; d, h, 1 panels) for A. chilensis (a—d panels), P. menziesii (e-h panels) and P. ponderosa (i-1 panels) at
the different times of register. Light gray square-solid lines represent the values of untreated seedlings; Dark
gray diamond-solid lines represent the values of seedlings treated with Kaolinite. Statistically significant
differences are commented in Table 1
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Dehydration curves of the Gf assay, for each species and treatment, were then fitted to
one phase decay exponential models:

Y = (YO — Plateau) x exp(—K x X) + Plateau (2)

where YO is the value of Y (humidity) when X (time) is zero (date experiment started);
Plateau is the Y value at infinite time and K is the rate constant, expressed in units of
reciprocal time axis X: If X is in minutes, then K is expressed in inverse minutes).

The data were adjusted to the exponential model (Eq. 2) by non-linear regression in
Prism4 software (GraphPad, San Diego, CA, USA). In order to attain a biological inter-
pretation of parameters, a constraint was set in the model to obtain values greater than 0 for
the Plateau. The differences between the fitted parameters for each species and treatment
were examined through the relationship between the standard error of estimate (SEE) and
goodness of fit (Zar 1999). Global fit procedure (Motulsky and Christopoulus 2004) was
used to compare the fitting parameters of the exponential equations. In each case, we report
the evidence ratio (ER) in favor of the better model (i.e. global vs. separate fitting to the
data; Motulsky and Christopoulos 2004). In cases where data did not fit the exponential
model, a linear model was used. Data were adjusted to the linear models by linear re-
gression using Prism4 software (GraphPad, San Diego, CA, USA).

Results
Mitigation of excess radiation in leaves

Results showed that the Ka applied in a single 60 g 1" dose had a covering power of 0.3 g
Ka m ™2, reducing the incident PPFD by 45 & 2 % (350 =+ 11 umol photons m~*s~'). A
greater reduction of incident PPFD was observed for the 60 (two applications) and
80 g 1™ 'doses, which resulted in PPFD reductions of 68 and 56 %, respectively (228 + 5
and 313 & 30 pmol photons m~2 s™'; data not shown). Their covering power was 1.2 and
0.5 ¢ Ka m™2. Additionally, R, FR and the R/FR values were higher for the control and
lower for 60 g 17! (two applications) Ka dose (p < 0.05). Therefore, a Ka dose of 60 g 17!
was used for subsequent treatment of the seedlings.

Table 1 Significances of the mixed lineal model analysis of the Ka essay

Significance Variable

Asat gs WUEi E
Pspecies <0.0001 <0.0001 <0.0001 <0.0001
Pirear 0.0433 0.0094 n.s. 0.014
Ptime <0.0001 <0.0001 <0.0001 <0.0001
Pspecies*treat n.s. n.s. 0.0156 n.s.
Dspecies*time <0.0001 <0.0001 <0.0001 <0.0001
Prreat*time n.s. n.s. n.s. n.s.
Pspecies#treattime n.s. n.s. n.s. n.s.

Asat net photosynthetic rates at saturating PPFD, gs stomatal conductance, WUEI intrinsic water use effi-
ciency, E transpiration rates, n. s. non statistical differences

Statistical differences are commented on the text
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Significant interaction between species and date was detected for Asat (Fig. 1; Table 1).
On most dates Asar was higher in P. ponderosa than in the other species. This difference
was large at the beginning of the assay and decreased towards the end of the growing
season (orderly interaction; sensu Ott and Longnecker 2010). The treatment was also found
to affect Asat. Independently of the species or date, mean Asat values were higher for
seedlings treated with Ka than for control seedlings (Fig. 1; Table 1). On average, Ka
increases Asat a 31 % in A. chilensis; 20 % P. menziesii and 10 % in P. ponderosa
seedlings compared to control seedlings.gs and E showed the same pattern as Asat.
Seedlings treated with Ka showed an average increase of 15, 69 and 14 % for gs and 22, 52
and 9 % for E in A. chilensis, P. menziesii and P. ponderosa, respectively (Fig. 1; Table 1).

Particularly for WUE;, significant interaction was found between species and treatment
(also between species and time, as in the other variables) (Fig. 1; Table 1): A. chilensis and
P. ponderosa seedlings treated with Ka showed a trend to similar WUEI values as control
seedlings, while P. menziesii seedlings treated with Ka showed a smoother pattern than
control seedlings, with a tendency to lower values.

The parameters derives from the A,-PPFD curves showed differences between the
control and Ka only for A. chilensis (ER = tending to infinity); plants with Ka had a higher
rate of maximum photosynthesis (4,,,,) (Table 2).

Mitigation of water shortage in soil

In all species and through the study period soil water volume content was higher in Gf than
in the control (ER4. cnitensiss ERP. menziesii ad ER p_ ponderosa = tending to infinity; Fig. 2;
Table 3). Initial soil water availability was higher in Gf than control treatment (about 40 %
against 60-80 %, respectively; Fig. 2). Gf delays the time at which soil moisture attains a
soil water potential of —1.5 MPa by 48, 87 and 74 days in A. chilensis; P. menziesii and P.
ponderosa respectively (Fig. 2). Differences between models were due to differences in Y0
and K parameters in all the species (Table 3).

Interaction effects were found between species and treatment and between species and
date for gs values at midmorning (Ppeciesttreatmens = <0.0001; popeciessime = 0.0121)
(Fig. 3). There was a marginal significant interaction effect between treatment and time in
A. chilensis (Pieammentsime = 0.0664). On 01/04/12 and 02/14/2012 gs was higher for Gf
than for the control while the rest of the days differences in gs were not significant. On the

Table 2 Average parameters and goodness of fit derived from the A,-PPFD curves (Cannell and Thornley
1998)

Parameters/goodness of fit Ac-C Ac-Ka Pm-C Pm-Ka Pp-C Pp-Ka
ol 0.0la 0.08a 0.02a 0.30a 0.03a 0.05a
Apax 2.7b 6.2a 2.5a 4.1a 12.5a 14.5a
(C] —0.43a —0.03a 1.00a —18.68a 0.81a 0.68a
R’ 0.8019 0.6927 0.3952 0.2191 0.7215 0.8868

o apparent quantum yield (mol CO, mol™"), A, maximum rate of net photosynthesis at saturating PPFD
(pmol CO, m~2 s, 0 curvature factor (dimensionless), Ac mountain cypress (A. chilensis), Pm Douglas fir
(P. menziesii), Pp Ponderosa pine (P. ponderosa), -C Control, -Ka Kaolinite (Surround® WP)

For each species and within rows, different lowercase letters show statistically significant differences
between treatments
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- C
== Gf
- - = Wsoil-1.5

A. chilensis P. menziesii P. ponderosa

VWC (% vol vol)

100

Elapsed time (days)

Fig. 2 Exponential/linear models fitted to the dehydration curves (volumetric water content in
pots = VWC vs. Elapsed time) by treatment and species. Statistical differences between treatments within
species are mentioned in the text. C = control; Gf = Gelforest seedlings; ¥,i— 1.5, 0il moisture at which soil
attain —1.5 MPa (standard permanent wilting point)

Table 3 Mean values of the estimated parameters of exponential and linear models and goodness of fit by
species and treatment

Exponential models Y = (Yo — Plateau) x exp (—K x X) + Plateau

A. chilensis P. menziesii P. ponderosa

C Gf C Gf C Gf
YO 40.65 57.75 38.93 67.26 45.84 77.97
Plateau 12716 42171 1.6371° 113710 3.93 44471
K 0.03286 0.01466 0.01283 0.009296 0.04424 0.01192
R? 0.8672 0.7042 0.4813 0.7224 0.8101 0.6489

C = control, Gf = Gelforest seedlings

contrary, Gf significantly reduced gs in P. ponderosa (P;reaimens = 0.0078) while no sig-
nificant effect was observed in P. menziesii (Fig. 3).

Stomatal conductance at noon was lower and less variable than at midmorning. An
interaction effect between species and treatment (pypecies*ireamen: = 0.0090) and between
species and time (Pypecies+ime = 0.0077) was detected. At species level Gf increased noon
gs in P. menziesii (Dyeammen: = 0.0049) and a marginally reduced it in P. ponderosa
Pireatment = 0.0577). P. menziesii seedlings treated with Gf tended to have higher gs values
than control seedlings, and an opposite trend was observed in P. ponderosa meanwhile no
differences between treatments or times were found for A. chilensis (Fig. 3).

Damage mitigation of frost events

When the Asat, WUEI and E values recorded on the first date are analyzed for each species
separately, the seedlings in all the sub-groups (treatments per species) show similar mean
values for all the variables (p > 0.05). Mean values for Asat, WUEi and E were
2.07 £ 0.86; 19.53 £ 5.8; 0.36 £ 0.28 for P. menziesii and 3.11 £ 0.79; 12.71 &+ 10.81;
0.36 £ 0.22 for A. chilensis, respectively.

The Asat values for P. menziesii showed no interaction effect between treatment and
time and no effect of the covariate (P, camenttime = 0-2326; Peovariare = 0.6906). However,
we did find an effect of treatment (Psreamens = <0.0001) and time (pyine = 0.0063). P.
menziesii control seedlings at 20 °C had the highest Asar values, followed by control
seedlings at —3 °C and seedlings treated with NU-FILM at both temperatures. In general
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Fig. 3 Mean values of stomatal 0.16
conductance (gs) (£SD) at mid-
morning (circles-solid lines) and
noon (triangles-dash lines) for 0.12
different species and treatments.
White circles and triangles (with
thin lines) show the gs values 0.08
recorded for control seedlings.
Black circles and triangles (with
gross lines) show the gs values
recorded for seedlings treated
with Gelforest (Gf). Statistically 0.02
significant differences are
commented in the text
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terms, the controls had higher mean Asat values than seedlings treated with NU-FILM-
17%.

In A. chilensis, Asat was not affected by interaction or treatment (p;camenstime = 0.7054;
Prrearmens = 0.1681; Fig. 4b), but was affected by time (py;n. = <0.0001).

For transpiration rates (E), an interaction effect between treatment and time was found
for P. menziesii (Pyeammenrsime = 0.0152; Fig. 4c). In general terms, the seedlings under
control treatment at 20 °C (C 20) had higher transpiration rates than the seedlings under the
remaining treatments. On the first recording date, the values for the C 20 seedlings were
similar to those for the control seedlings at —3 °C (C-3). For the last recording date
(Fig. 4c), the values for C 20 seedlings were similar to those for C-3 and seedlings treated
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Fig. 4 Mean values (£SD) of net photosynthetic rates at saturating PPFD (Asat; a, b), transpiration rates
(E; ¢, d) and intrinsic water use efficiency (WUEi; e, f) on P. menziesii (upper panels) and A. chilensis
(lower panels) at different times of measurement. References: C 20, plants without application of NU-
FILM-17 at 20 °C; C -3, plants without application of NU-FILM-17 submitted to treatment of —3 °C; NF
20, plants with NU-FILM-17 application at 20 °C; NF -3, plants with NU-FILM application submitted to
treatment of —3 °C. Statistical differences are commented in the text

with NU-FILM-17® at —3 °C (NF -3) and different from those for NF 20 seedlings. In the
case of A. chilensis (Fig. 4d) no interaction or treatment effect was found (py,camenrtime =
0.1330; prreatmen: = 0.3970), although there was a significant effect of time (P <
0.0001).

For WUE:I (Fig. 4e, f), no treatment effect or interaction between factors was found for
either of the SpeCieS (ptreatment*time = 0.8574 and Prreatment = 0.5053; Ptreatmenttime =
0.6331 and preamen: = 0.5153 for P. menziesii and A. chilensis, respectively). An effect of
time was found for P. menziesii (ps,e = 0.0068), in which the highest WUEI value was
found immediately after the frost event.

Discussion

In this study, Kaolin does not reduce Asat, gs or WUEI, in spite of reducing the amount of
radiation. The selected dose reduces incident PPFD by approximately 40-50 %, in
agreement with previous studies (e.g. Jifon and Syvertsen 2003; Steiman et al. 2007) and
increase Asat in all species, with a marked effect on A. chilensis, which increased Asat in
100 %. Our results are contrary to results in Rosati (2007) for other species. Additionally,
A. chilensis showed increases in the A,,,,, values of A, versus PPFD curves and no variation
in WUE:I levels. It should be emphasized that the A,,,, values of the remaining species also
increased by up to two units (Table 2). It is important to highlight that the irrigation system
used in this study (fogger) enabled the single application of Kaolin to last until the end of
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the trial, without being washed out. A higher application frequency might be needed for
Kaolin to have a positive effect on seedling gas exchange variables in the field. Preliminary
results from our field experiments show A,,,, increases between 2 and 10 pmol CO, m~2
s!, and increases of 2-5 pumol CO, m 2 s~ " in Asar values for plants treated with Kaolin
compared to control seedlings for A. chilensis and P. menziesii respectively (Dyeamen: =
0.0033, Varela et al., unpublished data). In these assays, Kaolin was applied every
2 months throughout the growing season (November to April).

As mentioned in the introduction, the survival of young A. chilensis trees in this region
is highly correlated to the presence of shrubs. This is known as the “nurse syndrome” and
involves the amelioration of micro-environmental variables under a plant—the nurse
which enhances survivorship and/or growth of other species growing in association with it
(Niering et al. 1963). Our results show that Ka could have some beneficial effect on this
aspect (mainly on the damage caused by excess radiation). The mechanisms of action of
Ka applications are not clear. Although the increased albedo reduces leaf temperature and
the consequent heat stress, it also reduces the available light for photosynthesis, possibly
offsetting the benefits of lower temperature (Rosati et al. 2006). On the contrary, P.
ponderosa had the highest carbon fixation rates and did not show any effect as a result of
Ka application. Studies on other species have shown inconsistent results. This inconsis-
tency may be linked to variation in application techniques, Ka coverage and subsequent
effects on light transmission, leaf temperature and physiological function.

Volumetric soil water contents in pots with Gf were higher than in controls, but stomatal
conductance varied according to the study species. gs values increased in A. chilensis,
decreased in P. ponderosa, and remained similar in P. menziesii. Few studies have focused
on how development and physiology are affected by hydrogel. One of the first experiments
was conducted in Arizona, USA in 1972-1973. It found that hydrogel reduced germination
rates and survival of emerged P. ponderosa seedlings (Rietveld 1976). The hydrogel dose
we used may not be appropriate for all forest species. Although hydrogels are simple to
apply, it is quite difficult to avoid an overdose which will cause plant mortality. Maybe, the
tolerance to waterlogging could explain our results based on that P. ponderosa showed a
lower tolerance that P. mensiezii to this source of stress (Niinemets and Valladares 2006).
Some authors have suggested that research should be carried out to determine suitable
doses for different soil types and tree species (Boczoén et al. 2009). A review by Flexas
et al. (2004) used gs, chlorophyll fluorescence and gas exchange parameters as indicators
of the severity of water stress, suggesting that photosynthetic metabolism is progressively
down-regulated as water stress intensifies. Three stages of photosynthesis inhibition were
described: Stage 1) As gs decreases from its maximum value (remarkably, irrespective of
the actual value, which was largely variable depending on the species) to about 0.15 mol
H,O0 m 257!, net photosynthesis (A,) decreases slowly with very small variations of Asat
and no variation of the photosynthetic electron transport rate (ETR). Intrinsic water-use
efficiency progressively increases at this stage. Stage 2) When gs drops to between 0.15
and 0.05 mol H,O m~2 s’l, A, and Asat decrease further, and so does ETR, suggesting
increased metabolic limitations. However, a continuous decline in sub-stomatal CO,
concentration (Ci) suggests that stomatal closure is still the dominant limitation to pho-
tosynthesis. It is also suggested that mesophyll conductance to CO, begins to decline at this
stage. Intrinsic water-use efficiency still increases at this stage, reaching maximum values
at gs values of about 0.05 mol H,O m~? s™'. Stage 3) When gs declines to less than
0.05 mol H,0 m™? s~ ', Ci usually increases sharply, reflecting either erroneous estima-
tions of Ci or impaired photosynthetic metabolism. Intrinsic water use efficiency usually
decreases at this stage, and both Asar and ETR become very low. Based on these stages,
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seedlings of all the species we considered had limitations due to water stress during the
assay (being between stages 2 and 3). However, particularly in the case of A. chilensis, Gf
application caused the seedlings to maintain their water status for longer in Stage 2. This
trend was not observed in P. menziesii and the pattern is opposite in P. ponderosa. Par-
ticularly for the latter species, the higher VWC generated by Gf could have a negative
effect on gs values. In the present study Gf delays the time at which soil moisture attains a
soil water potential of —1.5 MPa by 48, 87 and 74 days in A. chilensis; P. menziesii and P.
ponderosa respectively. In Northern Patagonia, the average number of days without pre-
cipitation during the growing season ranges from10 to 20, and the longest period without
rain on record is 110-180 days (Bianchi unpublished data).

It is important to highlight that the potential benefit of using water retention polymers at
planting has been demonstrated in laboratory tests and container trials (e.g. Forestry
Commission and Liverpool University). However, it was concluded that polymers were
unlikely to benefit newly planted trees in terms of survival during long periods of drought
(Hodge 1991). Trials in Kenya which used by mycorrhizal inoculum and water retaining
polymers found increased tree survival with the use of inoculum, but detrimental effects as
a result of the use of polymers (Wilson et al. 1991). However, their use in Sudan with
transplanted Eucalyptus spp. seedlings led to an increase in survival (Callaghan 1989).
Overall, there is little to support the use of water retaining polymers for field use. Pre-
liminary results from field assays did not show significant statistical differences in this
variable for seedlings treated with hydrogel compared to control seedlings (p > 0.05;
Varela et al. unpublished data).

Field assays evaluating the synergy among the various stress factors and the water status
of seedlings and the evaluation of the response of different species are needed to test the
effectiveness of the abovementioned mitigation techniques.

Applying NU-FILM-17® as a frost mitigation technique does not seem to be suitable.
There was no change in any of the ecophysiological measurements for A. chilensis after
treatment. In contrast, photosynthesis at non-stressing temperature level was inhibited in P.
menziesii. A similar pattern was found using transpiration as a response, which means that
NU-FILM-17® reduces the water uptake of P. menziesii at the higher temperature. The few
previous studies which have been published evaluate the use of another antitranspirant (e.g.
Foli-gard; Roy 1966) on P. menziesii, report that the height of seedlings treated with Foli-
gard anti-desiccant increased more than that of untreated control seedlings. We did not
evaluate NU-FILM-17® in P. ponderosa, but previous studies of film-forming anti-des-
iccants show a negative effect on the growth of new roots and a delay in budbreak activity.
Moreover, several experiments (Vera-Castillo 1995) have shown that anti-desiccants had
no effect on photochemical efficiency, with little effect on P. ponderosa seedlings. The
potentiality of this technique should be tested in field assays.

Conclusion

Our results suggest that is not possible to develop a single general package of techniques
for optimizing the planting and establishment process which will meet the requirements of
all three study species, because each species has different susceptibility to environmental
stress. P. ponderosa, the most tolerant species, showed a negative response in gas exchange
traits to the application of Gf technique. In contrast, Ka and Gf had a positive effect on A.
chilensis. The frost mitigation technique was not suitable for any of the species, but
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appears to be positive as an anti-desiccant for P. menziesii. Field experiments should be
performed to recommend several of the treatments tested in our study.
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