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Substrates and nutrient addition rates affect morphology and physiology
of Pinus leiophylla seedlings in the nursery stage
Mayra Velén Buendía Velázquez,
Miguel Ángel López López, Víctor
Manuel Cetina Alcalá, Lamine
Diakite

Production of forest seedlings is expensive mainly due to the use of inputs
such as peat moss and fertilizers. Seedling survival in field conditions is low
when seedlings with limited internal nutrient reserves are used in low fertility
sites. In this work, raw sawdust and exponential fertilization were tested
against peat-moss and constant fertilization, the common components of containerized seedling production systems in Mexico. The experiment was carried
out under nursery conditions by using a complete randomized experimental
design with a 2×2 factorial arrangement. Two substrates peat-moss (PM) and
sawdust (SA) and two nutrient addition rates constant (CR) and exponential
(ER) were tested. The response of seedlings was assessed based on diameter
at the root collar, seedling height, dry weight (shoot, root, total and 100-needle), Dickson quality index (DQI), slenderness index (SI), and foliar nutrient
concentrations and contents. Analysis of variance indicated that the substrate
significantly affect all dry weights, with the greatest biomass observed for PM.
Similarly, DQI and SI were affected by the substrate, with PM showing the best
DQI and highest SI. Neither plant quality variables nor dry weights were
affected by nutrient addition rates. Both substrate and nutrient addition rate
significantly affected N, P, and K foliar concentrations. At the end of the pro duction cycle, SA promoted higher foliar concentrations of N and P than PM,
but not those of K. This suggests that K limited the growth of seedlings in saw dust, likely due to the low capacity of this substrate to adsorb K. ER produced
needle concentrations of N, P, and K significantly higher than those of CR (2.65
vs. 2.26 %, 2303 vs. 2011 ppm, and 4235 vs. 3949 ppm, respectively). Our
results indicate that ER is likely to give rise to more suited seedlings for outplanting in low fertility sites than CR.
Keywords: Pinus leiophylla, Peat-moss, Sawdust, Constant and Exponential
Fertilization Rate

Introduction

Nursery production of forest seedlings in
Mexico has taken place since 1907 (SEMARNAT 2007). Today, there is a long experience in the production of good-quality forest seedlings in the nurseries. Nonetheless,
production is expensive due to the use of
imported inputs such as peat-moss and
chemical fertilizers. The use of local substrates with appropriate properties to sustain adequate seedling growth would be
highly desirable. Sawdust is a low-cost material that has proved useful in some condi-

tions (Hernández et al. 2014); however,
more research is needed in order to fully
understand its behavior under a variety of
conditions.
Along with high production costs in the
nursery, seedling survival in the field frequently is low, mainly at low fertility sites.
It has been reported for 2011 a reduction in
the field survival at a national level, including temperate forests, rain forests and arid
lands, from 57.5 to 40.28% (UACH/CEC
2011), with drought and the low morphological quality of plants being the main

Colegio de Postgraduados Campus Montecillo, Carretera México-Texcoco Km 36.5, 56230
Montecillo (Mexico)

@ Miguel Ángel López López (lopezma@colpos.mx)
Received: Jan 12, 2016 - Accepted: Jun 12, 2016
Citation: Buendía Velázquez MV, López López MÁ, Cetina Alcalá VM, Diakite L (2016).
Substrates and nutrient addition rates affect morphology and physiology of Pinus leiophylla
seedlings in the nursery stage. iForest 10: 115-120. – doi: 10.3832/ifor1982-009 [online 201610-02]
Communicated by: Giustino Tonon

© SISEF http://www.sisef.it/iforest/

115

mortality causes. Since most afforestation
programs take place on degraded and nutrient-poor soils, it is important to enhance
nutrient reserves of seedlings at the nursery stage. The exponential addition rate
scheme (Timmer & Stone 1978) may help
achieve this goal.
UACH/CEC (2011) reports Cedrela odorata
as the most commonly planted and nursery-grown species in Mexico. For temperate climate, Chihuahua pine (Pinus leiophylla Schiede ex Schltdl. & Cham.) shows characteristics of both soft and hard pines, and
is widely distributed over several states of
the country, including the State of Mexico
(Echenique 1969, cited by Musalem &
Martínez 2003). Its resistance to adverse
conditions is widely appreciated, so that it
is considered a pioneer species growing
even on poor soils and on lands covered
with volcanic lava (Santillán 1991). Recent
studies support its resistance to water
stress levels as low as -3.5 MPa (Castelán
Munoz 2014).
In the present study, the effect of two
different substrates and two nutrient addition rates on morphological and physiological variables of Pinus leiophylla seedlings
were evaluated at the forest nursery of
iForest 10: 115-120
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Colegio de Postgraduados, Campus Montecillo, Texcoco, State of Mexico.
The first null hypothesis (Ho 1) tested in
this study assumes that the factor “substrate” (mixtures of peat-moss-perlite-vermiculite [PM] or sawdust-perlite-vermiculite [SA]) do not produce significant differences on morphological or physiological
quality of nursery seedlings. The second
null hypothesis (Ho2) states that the levels
of the factor “nutrient addition rate” (i.e.,
exponential [ER] and constant [CR]) do not
induce significant differences on morphological or physiological quality of nursery
stage seedlings. The third null hypothesis
(Ho3) assumes that there is no interaction
between the factors “substrate” and “nutrient addition rate”.

ever, in this case, nutrient dose varied exponentially throughout the experimental
period, so that a dose of 0.00011g N plant -1
was supplied on the first application date
and the cumulative amount of 0.395 g N
plant-1 was reached on the 36th application
date.
To calculate the dose of Peters 20-10-20
to be applied on each date, we considered
the mean nitrogen content of three Pinus
leiophylla seedlings just after germination
(biomass = 0.2 mg) as well as that of three
commercial-size seedlings 25 cm in height
(biomass = 40 mg), and used the Miller &
Timmer (1994) model to calculate the relative addition rate (r – eqn. 1):

Materials and methods

where NT is the desired increment in the
nutrient content of the seedling during t
applications (mg), Ns is the initial nutrient
content in the seedling (mg), r is the nutrient addition rate (% day-1), and t is the number of application of fertilizer in the application sequence.
The calculated relative addition rate was
used to distribute the amount of fertilizing
material (0.395 g of N per plant) among all
application dates, following the recommendation by Aldana & Aguilera (2003).
The use of a single nutrient addition rate,
coupled with the seedling growth rate,
ensured a steady state of the internal concentration of nutrients. This procedure also
allowed comparing the effectiveness of
the addition rates tested with each other,
as the total amount of fertilizing material
used for both addition rates was identical
at the end of the cycle.
Germination was completed in January
2014, and nutrient addition treatments
started in April 2014, once that the succulent stage of seedlings was concluded, and
damping off was unlikely to occur. Both
fertilization regimes used Peter’s fertilizer
20-10-20, with 36 applications in total, two
per week, during four months and a half.
Fertilization was the only source of nutrients, since the remaining irrigation events
consisted of application of distilled water
only. During the experimental period,
treatment effects were evaluated based on
twelve morphological and physiological
variables: (1) root-collar diameter (D, mm),
measured by using a digital caliper Truper ®;
(2) total height (H, cm), measured monthly
with a ruler; (3) root biomass (RDW); (4)
stem biomass (SDW); (5) 100-needle biomass (100-needle DW), and (6) total dry
weights (TDW). Dry weights were determined in July 2014, after drying the material in a Felisa® oven at 70 °C for 48 h. Relative growth rates of (7) diameter (RGRD)
and (8) height (RGRH) were also evaluated
based on the following general equation
(Pallardy 2008 – eqn. 2):

The experiment was carried out from
November 2013 to August 2014, in the nursery of Colegio de Postgraduados, Campus
Montecillo, Texcoco, State of Mexico. The
site has a temperate sub-humid climate,
with rainfall in summer, an average temperature of 15.5 °C, an average annual rainfall of 750 mm, a relative humidity of 70 to
85%, and a photoperiod of 15 h.
Pinus Leiophylla seeds were donated by
the San Luis Tlaxialtemalco nursery in Mexico, D.F. (Distrito Federal Commission for
Natural Resources, CORENA). The original
seed source was located in the Tlahuapan
Municipality, in the State of Puebla, Mexico. Five-hundred seeds were selected and
submerged in water for 24 hours before
direct sowing. The seeds were sown in 346
cm3 tubes containing a dominant mixture
of peat-moss (PM), or sawdust (SA) as substrate, previously pasteurized.
The experiment was established under a
complete randomized experimental design
(CRD) with a factorial 2×2 arrangement of
treatments. The experimental unit was a
set of 25 individuals and each treatment
was replicated four times. The first factor
was “Substrate” with two levels: PM (60%
peat-moss, 20% perlite, and 20% vermiculite), and SA (60% raw sawdust, 20% perlite, and 20% vermiculite). The second factor was “Nutrient addition rate” with two
levels: constant (CR) and exponential (ER).
In the constant fertilization rate (CR), a
constant amount of nutrients (0.395 g N
plant-1, 0.086 g P plant-1, and 0.328 g K
plant-1) was applied along the whole experimental cycle (36 application dates). Nutrient dose calculations were based on Aldana & Aguilera (2003) for conifers including
P. leiophylla, considering nutrient inputs by
both soluble and slow-release fertilizer materials.
Calculations for the exponential rate (ER)
were based on the exponential function
described by Miller & Timmer (1994). The
same amount of fertilizing material was
used (PETERS 20-10-20) as in the constant
fertilization (0.395 grams N plant -1 and the
corresponding amounts of P and K)
throughout the production cycle. How116
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in the first and last evaluation dates,
respectively, and Δt is the time elapsed
between the two measurements. (9) The
Slenderness index (SI) was calculated, as
the ratio between shoot height and rootcollar diameter (Johnson & Cline 1991).
Additionally, the (10) Dickson Quality Index
(DQI – Dickson et al. 1960) was calculated
as follows (eqn. 3):
TDW
DQI =
(H / D)+(ADW / RDW )
where TDW is the total biomass (g), H is
the height (cm), D is the diameter (mm),
ADW is the aboveground dry weight (g)
and RDW is the root dry weight (g).
At the end of the experiment, 16 composite samples of needles were prepared, one
for each experimental unit (four per treatment), to determine (11) the foliar nutrient
concentrations. Nitrogen (N) concentration was determined by the Kjeldahl method, while phosphorus (P) and potassium
(K) by humid digestion with perchloric and
nitric acids. (12) Foliar nutrient contents (N,
P, K) were derived from 100-needle dry
weights and foliar nutrient concentrations.
The effect of factors and their interactions on the morphological and physiological variables were tested by ANOVA using
the SAS package. Effects were considered
statistically significant when p < 0.05 (reliability > 95%). The post-hoc Tukey’s test (α=
0.05) was used to test for differences between treatment means of significant factors. To interpret N, P, and K concentrations and contents, the graphical vector
analysis method was used (Timmer &
Stone (1978). Interpretation of the nomograms was based on López & Alvarado
(2010) and Haase & Rose (1995).

Results
Morphological variables

The results of ANOVA and Tukey’s tests
on seedling growth and quality variables
are reported in Tab. 1. Both nutrient addition rate and substrate showed a significant effect on seedling diameter (D) and
height (H). Nutrient addition rate significantly affected the dry weight of 100 needles (100-needle DW1) and relative growth
rate in diameter (RGRD). However, it did
not show any significant effect on RDW,
SDW, TDW, RGRH, DQI, and SI (Tab. 1).
Seedlings grown under the CR treatment
showed significantly higher values of D, H,
100-needle DW and RGRD. The substrate
significantly affected (p < 0.05) all variables
except RGRD (p = 0.1404). According to
Tukey’s tests, higher mean values were
observed for seedlings grown on the PM
substrate (Tab. 1).
Fig. 1 illustrates the interaction PM × CR
(peat-moss substrate and constant nutrient addition rate). This treatment showed
the highest means for the morphological
ln ( X 2 )– ln ( X 1 )
variables D (Fig. 1A), H (Fig. 1B), RDW (Fig.
RGR=
Δt
1C), SDW (Fig. 1D), 100-needle DW (Fig. 1E),
where X1 and X2 are the variables measured TDW (Fig. 1F), and DQI (Fig. 1J). The highest
iForest 10: 115-120

Tab. 1 - Results of the analysis of variance on morphological variables. Different letters within the same factor indicate significant
differences between means after Tukey’s test (p<0.05).
Variable
Root-collar
diameter
(D, mm)
Total height
(H, cm)

Source of
variation
Model
Substrate
Nutrient
addition rate
Model
Substrate

Nutrient
addition rate
Root biomass Model
(RDW, g)
Substrate

Stem
biomass
(SDW, g)
100-needle
biomass
(100-needle
DW, g)

Nutrient
addition rate
Model
Substrate
Nutrient
addition rate
Model
Substrate
Nutrient
addition rate

Treat
Mean
ment
SA
2.298 b
PM
4.576 a
CR
3.980 a
ER
2.893 b
SA
5.044 b
PM
14.400 a
CR
11.391 a
ER
8.052 b
SA
0.134 b
PM
0.457 a
CR
0.342 a
ER
0.249 a
SA
0.274 b
PM
1.674 a
CR
1.173 a
ER
0.776 a
SA
1.270 b
PM
3.191 a
CR
2.529 a
ER
1.933 b

F-value

Prob

Variable

106.88
233.40

<.0001
<.0001

Total dry
weight
(TDW, g)

53.17

<.0001

167.73
422.08

<.0001
<.0001

53.75

0.0001

7.21
18.71

0.005
0.001

1.55

0.2364

7.87
20.80

0.0036
0.0007

1.67

0.2206

46.29
121.36

<.0001
<.0001

11.68

0.051

Source of
variation
Model
Substrate
Nutrient
addition rate
Model
Substrate

Diameter
relative
growth rate
(RGRD)
Nutrient
addition rate
Height
Model
relative
Substrate
growth rate
(RGRH)
Nutrient
addition rate
Slenderness Model
index
Substrate
(IE)
Nutrient
addition rate
Dickson
Model
quality
Substrate
index (DQI)
Nutrient
addition rate

Treat
ment
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER

Mean
0.409
2.131
1.515
1.025
0.008
0.009
0.010
0.008
2.461
1.564
2.071
1.954
21.922
30.919
27.239
25.602
0.097
0.316
0.244
0.169

b
a
a
a

a
a
a
b

a
b
a
a

b
a
a
b

b
a
a
a

F-value

Prob

7.75
233.40

0.0038
0.0007

53.17

0.223

15.92
2.49

0.0002
0.1404

18.36

0.0011

8.43
24.81

0.0028
0.003

0.42

0.5306

11.02
27.52

0.0009
0.0002

0.91

0.3585

7.17
17.50

0.0052
0.0013

2.06

0.177

Fig. 1 - Interaction of the factors
tested on morphological variables. (SA): Sawdust substrate;
(PM): Peat-moss substrate;
(CR): constant nutrient addition
rate; (ER): exponential nutrient
addition rate.
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Tab. 2 - Results of the analysis of variance on physiological variables. Different letters
within the same factor indicate significant differences between means after Tukey’s
test (p<0.05).
Source of
variation
N
Model
concentration Substrate
(%)
Nutrient addition
rate
Interaction
P
Model
concentration Substrate
(ppm)
Nutrient addition
rate
Interaction
K
Model
concentration Substrate
(ppm)
Nutrient addition
rate
Interaction
N content (g) Model
Substrate
Variable

P content (g)

K content (g)

Nutrient addition
rate
Interaction
Model
Substrate
Nutrient addition
rate
Interaction
Model
Substrate
Nutrient addition
rate
Interaction

Treatment
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
SA
PM
CR
ER
-

Mean
2.323
2.655
1819.14
2303.42
4513.7
4235.2

b

a

b

a

a

a

0.072
0.054
0.003

a

a

b

0.0046
0.014
0.01
-

a

a

a

F value

Pr>F

6.76
6.2

0.0064
0.0285

12.37

0.0042

1.7
45.45
114.85

0.2167
<.0001
<.0001

21.47

0.0006

0.03
21.89
45.27

0.8741
<.0001
<.0001

5.21

0.0415

15.19
25.1
74.47

0.0021
<.0001
<.0001

0.55

0.4737

0.27
15.16
43.32

0.6122
0.0002
<.0001

1.08

0.3192

1.08
31.01
90.36

0.3192
<.0001
<.0001

2.14

0.3192

0.53

0.3192

means for D and H were 4.57 mm (Fig. 1A)
and 14.4 cm (Fig. 1B), respectively. According to the National Forestry Commission
(CONAFOR, Mexico), values for root collar
diameter (D) and seedling height (H) in
good-quality plants are 4 mm (optimum)
and 15-25 cm, respectively.

Physiological Variables

The results of ANOVA and Tukey’s tests
on nutrition variables are reported in Tab.
2. The greatest differences in foliar concentrations of N, P, and K were recorded between substrates. The SA treatment showed higher means for N and P foliar concentrations, while PM had greater mean for K.
Contrastingly, foliar contents of N, P, and K
were affected by the substrate only, being
PM the substrate with the highest mean.
The nutrient addition rate had significant
effects on the foliar concentration of N, P,
and K, with ER yielding the highest concentrations (p < 0.05).
Vectors drawn with solid lines in Fig. 2
indicate the effects of the substrate, and
those with dashed lines indicate the effects
of nutrient addition rate. The PM substrate
promoted a higher accumulation of biomass in 100 needles of seedlings, regardless of the rate of nutrient addition (T3 and
T4 – Fig. 2A). On the other hand, SA seedlings had higher N concentrations under
both addition rates (T1 and T2 – Fig. 2A).
The ER treatment showed higher foliar N
concentrations for both substrates (T2 and
T4 – Fig. 2A).
Regarding phosphorus, the PM treatment
resulted in higher dry weight of 100 needles and nutrient content than SA (T3 and
T4 – Fig. 2B), while seedlings grown on SA
had higher P concentrations regardless of

Fig. 2 - Timmer nomogramas of foliar N (A), P (B) and K (C) concentrations in Pinus leiophylla seedlings. (T1): Sawdust and constant
nutrient addition rate (SA×CR); (T2): Sawdust and exponential nutrient addition rate (SA×ER); (T3): Peat moss and constant nutrient
addition rate (PM×CR); (T4): Peat moss and exponential nutrient addition rate (PM×ER).
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the nutrient addition rate applied (Fig. 2B,
T1 and T2). P concentration was higher in
ER seedlings compared to CR seedlings.
The CR treatment produced more biomass of 100 needles than the ER treatment
(T1 vs. T2, and T3 vs. T4); however, ER (T2
and T4) promoted higher P concentrations
regardless of the substrate used, although
foliar P concentrations were much higher
in seedlings grown on sawdust than on PM
(T1 and T2 – Fig. 2B).
As shown in Fig. 2C (T3 and T4), PM
increased both the biomass of 100 needles
and the K concentration and content of
seedlings. The biomass of 100 needles decreased in seedlings under the ER fertilization regime, regardless of the substrate
used (T2 and T4). The PM substrate promoted higher K concentration with ER fertilization regime, while SA contributed to
decrease it when combined with the ER
treatment.
The decrease in K concentration and content in seedlings grown in sawdust SA×ER
(T2) indicates that the exponential fertilization induced a reduction of K availability,
probably related with a lower supply of K
and other nutrients during the first stage
of the experiment, as compared to CR. SA
decreased K concentration in seedlings
supplied by either of the addition rates
tested (Fig. 2C), but it increased those of N
and P.

Discussion

In this study, the diameter and height of
Pinus leiophylla seedlings were fostered by
the PM×CR treatment (T3). PM-grown
seedlings reached a diameter of 4.57 mm
and a height of 14.4 cm at the time of harvest. According to CONAFOR (2010), seedlings of 4 mm in diameter and 15-25 cm in
height are high-quality seedlings that can
successfully compete with weeds in the
field after transplant. However, PM-grown
seedlings were shorter than required.
The best DQI values, which were calculated as a function of RDW, ADW, TDW, H,
and D, were also obtained for seedlings
grown under the PM×CR treatment (Fig. 1).
Theoretically, plants grown on PM substrate with ER fertilization regime may
have a high photosynthetic capacity, resistance to damage by insects, and good physiological efficiency (Thompson 1985).
However, seedlings grown on SA substrate
showed better values when ER is applied
(T2 - Fig. 1).
Since there are no studies on critical foliar
nutrient concentrations in Pinus leiophylla,
we compared our results with those of similar conifer species in the literature. The foliar N concentration resulting from the exponential addition rate in Pinus leiophylla
seedlings (2.65% – Tab. 2) exceeds the upper limit of the range indicated for conifers
(1.4-2.2% – Landis 1989), and is higher than
the 1.8% reported for Pinus monticola at the
nursery stage (Kasen et al. 2005). Seedlings
grown on sawdust had a foliar P concentration of 0.249%, a value similar to those
iForest 10: 115-120

reported by Landis (1989) and Kasen et al.
(2005), but higher than the P critical level
(0.15%) reported by Hernández & Torres
(2009) for Pinus montezumae, a species
that coexists with P. leiophylla in natural
ecosystems. Foliar K concentration in seedlings grown on PM was 0.451%, which is
close to the lower limit of the 0.4-1.5%
range suggested by Landis (1989) and is
lower than the critical level for P. montezumae (0.52% – Hernández & Torres 2009).
The remarkable differences observed in
this study between the nutrient addition
rates was attributed, on the one hand, to
the dilution of nutrients in those individuals
with high biomass grown under the CR fertilization regime, and on the other hand, to
the nutrient concentration effect in seedlings grown under the ER treatment (Tab.
2). Theoretically, seedlings subjected to the
exponential rate of fertilization are better
quality plants in terms of nutrient status. In
addition, they are supposed to be better
suited for outplanting on low fertility sites,
since they can use their nutrient overload
to sustain their initial growth (Kasen et al.
2005).
The individuals with the highest N and P
concentrations resulted from the interaction SA×ER (T2, sawdust substrate + exponential nutrient addition rate); however,
this treatment reduced the concentration
of K. The reduction in K concentration and
content is caused by its leaching from the
sawdust, through a process similar to that
occurring throughout soil profiles in sandy
sites (Alcántar & Trejo 2012). Leaching in
the sawdust substrate was corroborated
by gauging K with a ionometer in the substrates used in the experiment. Ion extraction from the substrate was done using distilled acidulated water and ammonia acetate (this last chemical was used since the
sawdust was fresh). We found a low concentration of K+ in the sawdust and a high
concentration in the peat-moss substrate,
indicating a low availability of this cation
for seedlings grown under the SA treatments. As K is one of the most absorbed
cations by seedlings (Moraes & Benedetti
2000) and its leaching occurs in the substrate, then we expect the availability of K
for seedling roots to be severely limited in
the treatments with SA. Furthermore, K
losses were likely to take place in both substrates (but especially in SA) as a consequence of the competition between seedlings and microorganisms (Davis et al.
2009). This effect was described by López
& Alvarado (2010) as an antagonistic effect
between nutrients, thus decreasing the
availability of some of them. Nonetheless,
a similar competition can take place under
specific conditions, such as high N concentrations, which favors the presence of microorganisms within the substrate, thereby
increasing their nutrient consumption and
their competition with plants for these
resources. Indeed, the high N concentrations in our seedlings (Fig. 1A) suggests
that N concentrations was probably high

within the substrates.
Nutrient concentration in plant tissue is a
function of both its availability in the soil
(in this case, substrate), and plant growth
rate (López & Estañol 2007), following the
dilution and concentration theory. Hence,
individuals grown under the PM×CR treatment, with lower N, P, and K concentrations (T3), had higher RGRD and RGRH (Fig.
1G, Fig. 1H), and higher dry weights (Fig.
1F), indicating the occurrence of a withintissue dilution effect (López & Estañol
2007). On the other hand, lower RGRD and
RGRH (Fig. 1G, Fig. 1H) occurred in those
individuals with higher N and P concentrations in SA×ER (T2), and lower dry weights
(Fig. 1F). At lower growth rates, the nutrients are found within the tissues, in concentrations that can be higher than the
critical level, even when nutrient availability in the soil is low (López & Estañol 2007).
Because of the aforementioned dilution
and concentration effect, the nutrient status of seedlings is better assessed by considering their nutrient contents, which is
more strictly related to nutrient absorption. In our study, the treatment PM×CR
(T3) resulted in individuals with the highest
N, P, and K contents (Fig. 2), followed by
the treatment PM×ER. This suggests a
larger nutrient availability in the PM substrate, as compared with the SA substrate.
As mentioned above, the decreased N, P,
and K availability in the SA substrate could
be due to: (i) its low capacity of ion retention; (ii) a high decomposition rate; or (iii) a
combination of both processes. In this regard, Wieder (1990) found that the SA substrate had lower cation exchange capacity
(CEC) as compared to sphagnum peat (813
vs. 1320 μeq g-1), being K the cation showing the lowest absorption in sawdust. Sánchez-Córdova et al. (2008) reported a CEC
of 43.6 to 89.4 meq/100g in a mixture of
bark and sawdust. The above evidences
suggest that the strong K deficiency found
in SA-grown seedlings in this study could
be determined, to a great extent, by the
low capacity of sawdust to adsorb K, thus
allowing for its leaching.
According to our results, the ER fertilization regime may be used to produce
seedlings with greater nutrient reserves
and, presumably, with better field performance. In agreement with Kasen et al.
(2005), ER treatment proved higher fertilizer use efficiency than CR. On the other
hand, the use of PM as a substrate in the
nursery may allow to produce seedlings
with a better morphological quality. Thus,
the combination of PM substrate and ER
fertilization should optimize the production of bigger seedlings with high nutrient
reserves, while improving the fertilizer use
efficiency.

Conclusions

Hypotheses Ho1, Ho2, and Ho3 were rejected since the factor “Substrate” (SA and
PM), and “Nutrient addition rate” (ER and
CR), as well as their interaction, showed
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significant effects on the morphological
and physiological quality variables in P. leiophylla seedlings.
The use of peat-moss as substrate promoted better seedling performances than
raw sawdust, in terms of morphological
variables and seedling quality. The largest
seedlings were obtained with the use of
PM substrates.
Both nutrient addition rate and substrate
affected foliar N, P, and K concentrations
in P. leiophylla. The use of ER fertilization
resulted in higher N and P foliar concentrations than using the CR fertilization. PM
substrates promoted nutrient dilution
within plants, but improved nutrient absorption and final nutrient concentrations
when combined with the ER fertilization
regime.
Seedlings grown in sawdust were limited
by low availability of potassium since this
substrate promotes it leaching.
The use of PM as a substrate in combination with ER allows rapid growth rates of
seedlings with high nutrient reserves and
higher fertilizer use efficiency.

List of abbreviations

The following abbreviations were used
throughout the paper:
• PM: peat-moss;
• SA: Sawdust;
• CR: Constant addition rate;
• ER: Exponential addition rate;
• DQI: Dickson quality index;
• SI: Slenderness index;
• UACh: Universidad Autónoma Chapingo;
• CEC: Cation exchange capacity;
• D: Root-collar diameter;
• H: Total height;
• RGRD: Relative growth rate of diameter;
• RGRH: Relative growth rate of height;
• SDW: Stem biomass;
• RDW: Root biomass;
• 100-needle DW: Dry weight of 100 needles;
• SA×CR: Treatment 1 (T1);
• SA×ER: Treatment 2 (T2);
• PM×CR: Treatment 3 (T3);
• PM×ER: Treatment 4 (T4).
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