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Nursery practices increase seedling
performance on nutrient-poor soils in

Swietenia humilis

Erickson Basave Villalobos ", Victor Manuel Cetina Alcala ”, Miguel
Angel Lopez Lopez ", Arnulfo Aldrete ', David H Del Valle Paniagua

Swietenia humilis is a valued tree species for its high-quality wood, among
other commercial interests. Attempts to plant the species in southwest Mexico
have often failed due to poor quality seedlings combined with low soil fertility
and dry environments. Nursery top-pruning and fertilization are practices pre-
viously reported to improve seedling quality, and facilitate rapid establishment
under poor site conditions. In the present study, the effects of three top-prun-
ing intensities (0%, 25%, and 50%), and two fertilizer regimes (traditional and
exponential) on several S. humilis seedling morphological and physiological in-
dices were tested in the nursery, and a quality test trial on nutrient-poor soils
was conducted. Significant interactions between the above two treatments
were not detected. Top pruning at 25% and 50% intensity did not improve S.
humilis seedling quality. However, exponential nutrient supply exhibited fa-
vorable effects on seedling growth. Results of the quality test trial revealed
exponential fertilization promoted satisfactory seedling performance when low
nutrient availability was a limiting factor.
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Introduction

Caobilla (Swietenia humilis Zucc., Melia-
ceae) is a small to medium-sized tree (15-20
m tall) native to the Mesoamerican Pacific
tropical dry forest zones, and considered a
valuable hardwood in Mexican Pacific coa-
stal lowlands for the local forest industry
(Gordon et al. 2003). After decades of com-
mercial over-exploitation, natural popula-
tions have been substantially reduced to
scattered and small isolated populations. The
species was therefore listed under the multi-
lateral treaty CITES (Convention on Interna-
tional Trade in Endangered Species of Wild
Fauna and Flora), and classified as vulnera-
ble under the IUCN (International Union for
Conservation of Nature) Red List.

Currently, the interest in establishing S.
humilis for environmental and commercial
purposes has increased in the dry tropics of
Mexico and Central America. However, re-

forestation activities have been limited by
low seedling survival and growth rates, lar-
gely because nurseries do not produce high-
quality stock of container seedlings for out-
planting (CONAFOR 2012).

Current practices in many forest nurseries
involve container seedlings planted in local
forest soil and little or no fertilizer applica-
tion. Regardless of the production system,
seedling germplasm quality along with cul-
tural practices serve a major role in promo-
ting successful morphological and physio-
logical characteristics, resulting in satisfac-
tory plant performance at the plantation site
(Mexal et al. 2002, Rodriguez 2008, Zida et
al. 2008, Esen et al. 2012, Villar-Salvador et
al. 2012).

Drought and high temperatures in the dry
tropics can limit nutrient availability, which
often severely affects reforestation (Griscom
& Ashton 2011). However, success can be
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achieved by establishing seedling plantations
during favorable seasons, using rapidly ac-
climating plant material. Villar-Salvador et
al. (2012) reported seedlings with high
growth rates due to high photosynthetic per-
formance and increased capacity to remobi-
lize nutrients were well-suited to the above
conditions; and such attributes were favored
in large seedlings under high nutrient con-
centrations. As a consequence, cultivation
practices that enhance these traits might in-
crease S. humilis seedling quality.

Top-pruning seedlings in the nursery is an
uncommon practice; nevertheless, Cetina et
al. (1999, 2001, 2002) provided evidence in
Pinus greggii that the approach can increase
seedling growth and photosynthetic capacity,
resulting in favorable effects on seedling
field performance. However, Wilson (2000)
demonstrated success was dependent on
pruning intensity and removal as a conse-
quence of the apical dominance effect (Wil-
son 2000).

Seedling fertilization is a common nursery
practice, which serves to enhance growth
and photosynthetic capacity. Reserves can be
accumulated through fertilization when nu-
trient availability exceeds seedling require-
ments (Chapin et al. 1990, Timmer 1997,
Salifu & Timmer 2003), with the benefit of
later remobilization when nutrient availabi-
lity becomes a limiting factor. Different fer-
tilization regimes, including exponential fer-
tilization have been established to promote
these conditions (Timmer 1997, Salifu &
Timmer 2003, Duan et al. 2013).

Top-pruning and exponential fertilization
effects in the nursery have not been docu-
mented in S. humilis, although improvement
in seedling quality has been reported for
many other forest species (Cetina et al. 1999,
Isaac et al. 2011, Wang et al. 2013). In this
study, we examined top-pruning and ferti-
lization effects on S. Aumilis seedlings by re-
spectively evaluating various morphological
and physiological indices in the nursery, and
a quality test trial on nutrient-poor soils.

Material and methods

The study was conducted under greenhouse
conditions in the Nursery of the Forestry
Graduate School of Colegio de Postgradua-
dos in Montecillo, Texcoco, Mexico (19° 19’
N, 98° 53" W; 2250 m a.s.l.). Greenhouse
conditions were maintained at an average
30/15 °C (day/night), a 16 h (day/night) pho-
toperiod, and 70-85% relative humidity.

Seeds were collected from healthy S. Au-
milis individuals in a tropical dry forest in
the Tierra Caliente, Guerrero, Mexico. In
August 2012, 1000 seeds were field col-
lected, scarified, and placed in running water
for 24 h to sow directly into Jiffy-7 Forestry®
compressed peat pellets. One seed per pellet
was sown. Germination and emergence was
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observed during the last week of August
2012. Seven weeks later on 19 October
2012, 384 seedlings of approximately the
same height (9-10 cm) were selected and or-
ganized into groups of 16 seedlings, each
group corresponding to an experimental unit.
Six treatment combinations with four repli-
cates per treatment resulting in a 3x2 facto-
rial arrangement were randomly assigned to
each of the 24 experimental units in a com-
pletely randomized design.

The two factors tested were top-pruning
(TP), with three levels (no-pruning - NP, TP
25%, and TP 50% intensity), and fertiliza-
tion, with two levels (traditional fertilization
- TF, and exponential fertilization - EXF).
The six treatment combinations were labeled
as T1 (NP + TF), T2 (TP 25% + TF), T3 (TP
50% + TF), T4 (NP + EXF), T5 (TP 25% +
EXF), and T6 (TP 50% + EXF). Depending
on the effects, NP and TF levels, and their
combinations (NP + TF), were considered
controls.

Treatments were initiated on 22 October
2012, when nutrient reserves in the seedling
endosperm were largely exhausted. Top-pru-
ning (TP) was conducted once, when ferti-
lization was first applied, by removing the
stem portion between the second node and
the apex (including foliage). Fertilization
was further supplied from 22 October to 28
December 2012. The fertilizer amount sup-
plied was designed for a 10-week period,
and based on nitrogen (N) concentration es-
timates in seedling foliage.

TF treatment followed the PRONARE-CO-
NAFOR fertilization program for tropical
species using Peters® fertilizers (Aldana &
Aguilera 2003), which were adjusted to
commercial formulations based on seedling
developmental stage. Under the TF fertiliza-
tion regime, seedlings were treated with Pe-
ters Professional® Seedling Starter™ (9 N:
45 P,0s5:15 K,0) at concentrations of 25 mg
N I for a total of six applications, i.e., three
weeks, two applications per week. Seedlings
were administered eight applications of Pe-
ters Professional® General Purpose™ (20 N:
10 P,0Os: 20 K,O) at concentrations of 50 mg
N I'' with the same frequency over the fol-
lowing four weeks. During the final three
weeks, a total of six treatments, two per
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week of Peters Professional® Conifer Fini-
sher™ (4 N: 25 P,Os: 35 K,0) were applied
at a 50 mg N I"' concentration.

The EXF treatment was designed to supply
nutrients exponentially, increasing the ferti-
lizer addition levels through time. Calcula-
tions were derived from an exponential func-
tion described by Timmer (1997 - eqn. 1):

NT:NS(e”_ N(z—l))

where ¢ is the number of fertilizer applica-
tions during the nursery stage, Nr is the fer-
tilizer amount applied on a specific day ¢,
N is the cumulative fertilizer treatment
amount at a specific time (including the pre-
vious application), and Ns is the initial N
content in newly germinated seedlings (7.12
mg N seedling"). A random sample of 30
newly germinated seedlings was analyzed to
determine Ns.

The r factor is the relative nutrient addition
rate to increase Ns to the final (Nt + Ns)
level, obtained by the following equation
(eqn. 2):

In(N,/Ng+1)(e"—1)
r= Y

where Nr is the amount of fertilizer applied
on a specific day ¢. Due to limited informa-
tion on the species nutritional attributes, Nt
(2778 mg N seedling’) was determined
from the N amount applied per seedling
using the TF scheme. As in TF, fertilizer was
applied twice per week, therefore 4 = 20.
The doses obtained (mg N seedling”) for
each application date were multiplied by 32.
This value was used as a constant conside-
ring that for each liter of nutrient solution,
32 seedlings are fertilized. The specific N
concentrations used are shown in Fig. 1. For
all EXF fertilizer treatments, Peters Profes-
sional® General Purpose™ (20 N: 20 P,Os:
20 K,0) was applied to seedlings.

Fertilizer solution pH and electrical con-
ductivity were adjusted following Landis
(1989). Fertilizer residue on seedling leaves
was removed with water after each applica-
tion. Additionally, flushing irrigation was
conducted weekly. Treatment fertilizer appli-
cations at different concentrations, i.e., TF
and EXF were the only nutrient sources, as
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distilled water was used throughout the ex-
periment.

Three weeks after the final fertilization (21
January 2013), a random sample of 16 seed-
lings per treatment (four from each replicate)
was selected to examine shoot height, root-
collar diameter, net photosynthetic rate, and
chlorophyll content. Twelve of the above 16
seedlings per treatment were further ana-
lyzed for leaf area, shoot and root dry
weight, and nitrogen (N), phosphorus (P),
and potassium (K) concentrations.

Shoot height (cm) and root-collar diameter
(mm) were respectively measured with a
graduated ruler and a Mitutoyo digital cali-
per. The sturdiness index (S7) was calculated
from the ratio between height and root-collar
diameter (Johnson & Cline 1991). Net pho-
tosynthetic rate (NPR, pmol m? s') was
measured between 09:00 and 12:00 a.m.
with a CIRAS -2 (PP Systems, Haverhill,
MA, USA), and chlorophyll content (CC,
SPAD units) was indirectly determined by a
Minolta SPAD 502 Plus portable chloro-
phyll meter (Spectum Technologies Inc.,
Plainfield, IL, USA). These last two mea-
sures were derived from the same leaves pre-
viously selected based on (apparent) similar
physiological age. Leaf area (LA, cm?) was
determined with an area meter (3100 Bio-
sciences Li-Cor Biosciences, Lincoln, NE,
USA).

Shoot and root dry weight were obtained
by oven-drying seedlings at 70 °C for 72 h.
Dry weight (g) of aboveground components
(shoots + leaves), and roots with shoot-
heights and root-collar diameters were com-
bined to estimate the Dickson quality index
(DQI) based on the following equation
(Johnson & Cline 1991 - eqn. 3):

DWzoml
(HID)+(DW,, IDW

shoot

DOI =

root)

Finally, N, P, and K concentrations were
determined from tissue samples (three per
treatment) integrated over the entire seedling
by the micro-Kjeldahl method, using photo-
colorimetry by reduction with Molibdo-
Vanadate and flame emission spectrometry,
respectively. Total dry biomass and nutrient
concentrations were used to calculate N, P,
and K content.

Seedling quality, e.g., growth, develop-
ment, and establishment at nutrient-poor si-
tes was examined by conducting a quality
test trial in February 2013. A 30-cm deep
planting-bed with red volcanic rock substrate
(tezontle) was constructed to establish low
or no nutrient availability. Ten randomly se-
lected seedlings per treatment (a total of 60
seedlings) were sown in rows on the planting
bed following a complete randomized de-
sign.

The quality test trial ended in May 2013.
During the four month period, seedlings
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were periodically watered with distilled wa-
ter, which was used to prevent any source of
external nutrient supply. Seedling height
(cm) and stem diameter (mm) were measured
at the beginning and end of the test, and
monthly relative growth rates were estimated
based on the following equation (Pallardy
2008 - eqn. 4):

_InX2-InX1

RGR
G At

where X1 and X2 are the variables measured
at the first and second assessment time, re-
spectively, and A¢ is the time interval be-
tween the two measurements.

Comparisons of the factor effect and its in-
teractions on morphological and physiologi-
cal quality indices were performed through
analysis of variance (ANOVA, o = 0.05).
Significant differences among treatment
means were analyzed using the post-hoc
Fisher’s LSD test (o = 0.05). Logarithmic
and square root transformations of raw data
were conducted when assumptions of nor-
mality and homoscedasticity were violated.

Statistical analyses were carried out using
the package INFOSTAT® (Di Rienzo et al.
2012). Statistical analyses were not conduc-
ted on N, P, and K concentration and con-
tent. Instead, average values were reported
for each composite sample. Graphical vector
analysis (Timmer & Stone 1978, Lopez &
Alvarado 2010) was performed to interpret
nutrient variation among treatments.

Additionally, monthly relative growth rates
were analyzed by treatment and not factors,
since the quality test was specifically de-
signed to assess seedling performance as a
function of nutritional reserves under low
soil fertility conditions. Therefore, treat-
ments better reflected the influence of plant
nutrient status on seedling growth.

Results

Morphological and physiological
quality indices

ANOVA results indicated the main factors,
i.e., TP and fertilization regime had signifi-
cant effects on most morphological and phy-
siological variables analyzed (Tab. 1). How-
ever, the interaction between TP and ferti-
lization was not significant for any parame-
ters. In summary, seedlings under the NP

Nursery practices and Caobilla seedling performance on poor soils

Tab. 1 - ANOVA results for top pruning and fertilization regime effects on morphological
and physiological variables related to seedling quality in Swietenia humilis.

Variables Factors df F-value P-value
Root-collar diameter Top pruning 2,90 9.01 0.0003
Fertilization regime 1,90 1.32 0.2542
Interaction 2,90 1.47 0.2362
Sturdiness index Top pruning 2,90 3.01 0.0542
Fertilization regime 1,90 5.25 0.0243
Interaction 1,90 1.89 0.1572
Shoot dry weight Top pruning 2, 66 5.93 0.0001
Fertilization regime 1, 66 10.31 0.0176
Interaction 2,66 0.01 0.99
Root dry weight Top pruning 2, 66 10.01 0.0002
Fertilization regime 1, 66 1.28 0.2614
Interaction 2, 66 0.02 0.9754
Dickson’’s quality index  Top pruning 2, 66 6.75 0.0022
Fertilization regime 1, 66 0.56 0.4572
Interaction 2,66 0.06 0.9387
Leaf area Top pruning 2,66 7.71 0.001
Fertilization regime 1, 66 33.78 <0.0001
Interaction 2,66 0.7 0.5025
Chlorophyll content Top pruning 2,90 0.24 0.791
Fertilization regime 1,90 26.34 <0.0001
Interaction 2,90 0.81 0.4493
Net photosynthesis rate  Top pruning 2,90 40.88 <0.0001
Fertilization regime 2,90 175.3 <0.0001
Interaction 2,90 0.59 0.5543

with TP treatments at 25% and 50%, respec-
tively. Additionally, NP seedlings showed
the largest leaf area, 40% and 36% greater
than 25% and 50% TP seedlings, respec-
tively. Finally, photosynthetic rate of NP
seedlings was 49% higher than 25% TP
plants, and 32% higher compared with 50%
TP plants.

Results of the fertilization effect showed
seedlings under the EXF treatment regime
produced 17% more biomass and had 50%
more leaf area compared with TF treatment
seedlings. Similarly, physiological variables,
such as chlorophyll content (CC) and net

photosynthetic rate (NPR) were significantly
affected by EXF, evidenced by a respective
20% and 60% higher CC and NPR in
seedlings compared with those grown under
the TF regime (Tab. 2).

N, P, and K concentration and content
Differences in plant nutrient status were
detected in response to treatments. Com-
pared with the control treatment (T1), seed-
lings receiving treatments T4, T5, and T6 ex-
hibited increased N concentration and con-
tent, respectively (126% and 157% for T4,
75% and 67% for T35, and 364% and 260%

Tab. 2 - Average values (+ SE) of morphological and physiological quality indexes assessed
in Swietenia humilis seedlings in response to top pruning and fertilization treatments. Only
means for factors having a significant effect after ANOVA are reported. Means with the
same letter within each treatment are not significantly different (p>0.05) after Fischer’s LSD
test. (NP): No-pruned seedlings; (TP): top-pruned seedlings; (TF): traditional fertilization;
(EXF): exponential fertilization; (SI): sturdiness index; (DQI): Dickson quality index;
(NPR): net photosynthesis rate; (CC): chlorophyll content.

and EXF treatments showed the highest va-  variables Pruning Fertilization
lues for all variables measured (Tab. 2). NP TP 25% TP 50% TF EXF

Under the NP treatment, the most divergent ~ Diameter (cm) 497+0.11° 488+0.11" 437+£0.11° - -
morphological and physiological quality in-  SI (cm mm™) - - - 2.20+0.06° 2.39+0.06°
dex response occurred for shoot and root dry ~ Shoot dry weight 1.16 =0.06*° 0.99 £0.06" 0.79 £0.06° 0.90 £0.05* 1.06 +0.05"
weight, leaf area, and net photosynthetic rate  (g)
(Tab. 2). NP seedlings accumulated 17% and ~ Root dry weight ~ 0.51 £0.03* 0.41 +£0.03> 0.34+0.03> - -
47% more shoot biomass than seedlings (g)
pruned at 25% and 50%, respectively. Simi-  DQI 0.36 £0.02* 0.31+£0.02* 0.25+0.02° - -
lar results were obtained for root dry weight, = Leafarea (cm?) 73.56 £4.07* 52.21 +£4.07° 54.07 £4.07° 46.82 +3.33* 73.28 £3.33"
where NP control seedlings accumulated NPR 3.54+£0.09° 2.37+0.09° 2.69+0.09° 2.18+0.08" 3.55=+0.08"
24% and 50% more root biomass compared  (umol m?s™)

CC (SPAD units) - - - 31.83 £0.89* 38.28 +0.89"
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Tab. 3 - Concentration and content of N, P and K in response to pruning and fertilization
treatments in Swietenia humilis seedlings in the nursery.

Concentration (mg g™)

Content (mg plant™)

Treatment combination

N P K N P K
NP + TF (T1) 8.1 3 12.2 12.7 4.7 19.13
TP 25% + TF (T2) 8.1 2.4 11.4 10.56 3.13 14.87

TP 50% + TF (T3) 9.1 2.7 11.6 9.49 2.81 12.1
NP + EXF (T4) 18.3 4.6 11.3 32.6 8.19 20.13
TP 25% + EXF(T5) 14.2 3.2 11.5 21.16 4.77 17.14
TP 50% + EXF (T6) 37.6 4.7 18.9 45.68 5.71 22.96

Fig. 2 - Nomograms for response B

of nitrogen (a), phosphorus (b), 4 76 (@)

and potassium (c), to the applica-
tion of different top pruning inten-
sities and different fertilization
regimes in Swietenia humilis
seedlings in the nursery. Treat-
ment combinations: (T1) no pru-
ning + TF; (T2) pruning at 25% +
TF; (T3) pruning at 50% + TF;
(T4) no pruning + EXF; (T5)
pruning at 25% + EXF; (T6) pru-
ning at 50% + EXF.

Concentration of N (%)

Concentration of K(%)

1 1.2 1.4 1.6 1.8 2
Seedling dry weight-' (g)
(b)
1 1.2 14 1.6 1.8 2
(c)
T4
il 1.2 1.4 1.6 1.8 2

Seedling dry weight-' (g)

Tab. 4 - Average relative growth rates in Swietenia humilis seedlings planted in low or null
availability of nutrients. Means with the same letter within columns are not significantly dif-

ferent (p>0.05) after Fischer’s LSD test.

Relative growth rates

for T6). P concentration in T4 and T6 was
respectively 53% and 74% higher than in
T1. Similarly, P content in T4 and T6 treat-
ments were respectively 57% and 21%
higher than in T1. Finally, only T6 revealed
higher K concentration (> 55%) and content
(>20%) than T1 (Tab. 3).

Quality test trials in low nutrient
substrate (Tezontle)

Seedling growth in the quality test trial re-
vealed significant effects for height (Fs s =
3.4, P <0.01) and diameter (Fis 54y = 4.91, P
< 0.001), with T4 seedlings showing the
highest relative growth rates (Tab. 4).

Discussion

Morphological and physiological
quality indices

Our results showed TP at 25% or 50% did
not improve the morphological or physiolo-
gical quality of S. Aumilis seedlings, unless
accompanied by EXF fertilization. Indeed,
the NP treatment seedlings exhibited the
highest value for all quality parameters exa-
mined (Tab. 2). The growth responses of TP
seedlings, i.e., root-collar diameter, shoot
dry weight, leaf area, and DQI were likely
affected by the stress imposed in shoot bio-
mass loss.

Previous reports demonstrated that after
defoliation, plants accumulated nonstructural
carbohydrates for regrowth to compensate
tissue loss (Kozlowski 1992, von-Fircks &
Sennerby-Fores 1998). Chapin et al. (1990)
showed the shoot partially and/or tempora-
rily lost the capacity to produce photosyn-
thates, as accumulation was largely depen-
dent on resource allocation to storage. How-
ever, allocation of resources to storage di-
rectly competes with growth (Berendse et al.
2007). Moreover, growth patterns in diffe-
rent forest species might differ as a conse-
quence of differential biomass allocation to
shoots and/or roots (Ericsson 1995). These
trade-offs might partly explain reduced
growth in the pruned S. Aumilis seedlings
observed in this study.

Cetina et al. (1999, 2001) suggested the
morpho-physiological responses in P. greggi
were associated with pruning, and might be
beneficial to enhance seedling quality. The
same pruning intensity tested in the present
study (25% and 50%) was applied to P.
greggi seedlings, resulting in increased dry
biomass accumulation in shoots and roots, as
well as in leaf area and the photosynthetic

Treatment combination Height Diameter rate (Cetina et al. 1999, 2001). However, our

(cm cm™month™) (mm mmmonth™) findings suggested TP was not a suitable ap-

NP + TF (T1) 0.10+£001° 0.05 £ 0.01® proach to enhance S. humilis seedling qua-

TP 25% + TF (T2) 0.09 £ 0.01° 0.04 = 0.01° ;Z'ibi‘tf;’ tgs z;l(‘mogf c;;le%r;;:ncé frflélrge};tcgse

ab be N

TP 50% + TF (T3) 0.12+ O'OIb 0.08 + O‘Old Cline & Harrington (2007) observed growth

NP +EXF (T4) 0.15+ 0'01' 0.11£0.01 X and branching patterns among temperate and

TP 25% + EXF (T5) 0.11+0.01* 0.05 +0.01%¢ tropical species differ. Moreover, Chapin et
TP 50% + EXF (T6) 0.14 +0.01° 0.09 £0.01¢
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al. (1990) suggested the benefits obtained by
apical dominance removal can vary as a con-
sequence of different species capacities to
store the carbohydrates necessary to recover
from pruning. Furthermore, seedling age
might partially explain these inconsistencies.
Seedlings used by Cetina et al. (1999) were
older than the seedlings investigated in our
work. However, young seedlings have not
yet developed an efficient root system.
Therefore, seedlings cannot recover from the
injuries caused by pruning through re-
sprouting (Kozlowski 1992), unless the re-
sources necessary to support regrowth are
provided by fertilization.

Exponential nutrient loading applied in this
study improved the morphological and phys-
iological attributes of S. humilis seedlings,
results inconsistent with pruning. Despite the
lack of reports on this particular species, the
favorable effects of exponential nutrient sup-
ply on growth, and other beneficial charac-
teristics in the nursery have been examined
by many authors (Qu et al. 2003, Salifu &
Timmer 2003, Salifu & Jacobs 2006, Isaac et
al. 2011, Duan et al. 2013, Wang et al.
2013). Timmer (1997) reported this tech-
nique has the advantage of supplying the nu-
trient amounts required at each stage of
seedling exponential growth. Seedling re-
sponses expressed in morphological and
physiological quality indices confirmed the-
se effects (Tab. 2).

Enhanced seedling growth, i.e., leaf area
and shoot biomass under the EXF treatment
also suggested greater resource exploitation,
i.e., light and CO,, resulting in increased
NPR (Tab. 2). Cuesta et al. (2010) reported
higher photosynthetic rates in P. halepensis
seedlings that exhibited greater leaf area.
Villar-Salvador et al. (2012) emphasized a
large aerial biomass advantage in capturing
the resources required to synthesize new tis-
sues, which lead to a positive seedling
growth feedback pathway (Kozlowski 1992).
However, plant growth and photosynthetic
capacity are dependent on plant nutrient sta-
tus under greenhouse (Villar-Salvador et al.
2012) or natural conditions (Wright et al.
2011). Field evidence demonstrated that
both processes were limited by mineral nu-
trient availability (Pasquini & Santiago
2011). Furthermore, the rate of carbon gain
is a function of the photosynthetic rate, res-
piration, and tissue loss, which typically ex-
hibits interspecific and environmental varia-
bility (Berendse et al. 2007, Kitajima 2007,
Cuesta et al. 2010).

N, P, and K concentration and content
In the present study, nutrient reserve
amounts (N, P, and K) were higher in plants
fertilized with the EXF treatment regime
(Tab. 3), demonstrating the treatment’s ef-
fectiveness in promoting the storage of these
resources. Kim et al. (1999) reported plant

Nursery practices and Caobilla seedling performance on poor soils

nutrient reserves declined at the planting site
as a consequence of reduced nutrient avai-
lability due to interspecific competition
(Timmer 1997), or severe soil degradation
(Griscom & Ashton 2011). According to
Tab. 3, the beneficial effects of exponential
fertilization were clearly demonstrated com-
pared with the traditional fertilization re-
gime. Nevertheless, it is worth noting that
TP also influenced seedling response to fer-
tilization. Indeed, increased growth and N
and P concentration and content were
achieved under NP + EFX treatments (T4).
However, T6 showed maximum concentra-
tion and content of all nutrients (50% TP +
EXF), although a lower biomass amount was
produced. Lopez & Alvarado (2010) indi-
cated this type of effect resulted from toxic-
ity; however, we determined growth was re-
duced by pruning, and not by nutrient excess

(Fig. 2).

Quality test trial on nutrient-limited
soils

Results from the quality test in Tezontle
(Tab. 4) confirmed seedling nutrient accu-
mulation due to exponential fertilization fa-
cilitated growth on nutrient-limited soils.
Heiskanen et al. (2009) obtained similar re-
sults in Picea abies, where exponential seed-
ling fertilization clearly allowed rapid seed-
ling establishment on poor sites. However,
Everett et al. (2007) found a complete lack
of congruency in results of a study on mor-
phology and nutritional status of Pseudo-
tsuga menziesii var. glauca seedlings.

Varied interpretations of species differen-
tial responses to exponential fertilization
have been proposed. Burgess (1991) attri-
buted the limited response of some fast-
growing species to fertilizer addition rates; at
early developmental and growth stages, the
fertilizer amounts might be insufficient to
meet seedling requirements. However, toxic
fertilizer addition rates might also generate
detrimental effects (Duan et al. 2013).

Based on our short-term trial results, the
doses applied (17 to 412 mg N I'') using a
complete formula of soluble fertilizer (20 N:
20 P,Os: 20 K,0) resulted in beneficial ef-
fects on accumulation reserves to support
growth, when no external nutrient supply
was available. However, we cannot exclude
toxic effects due to exponential fertilization,
particularly when the 50% TP + EXF treat-
ment was administered. Indeed, exponential
fertilization assumes a relationship between
fertilizer dose and plant size (Timmer 1997),
while in the above treatment, plant size, i.e.,
pruning reduced biomass.
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