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Abstract

First-year seedling survival impacts all subsequent management planning in
plantation forestry. Descriptive statistics of first-year seedling survival data
from the Louisiana Department of Agriculture and Forestry (LDAF) indicated
that survival success reaches a plateau at between 79% - 85% under normal
weather conditions. We provide an explanation for this plateau based on an
analysis of seedling and microsite qualities involved in operational pine plan-
tations by: 1) using a conceptual model demonstrating how variation in
seedling quality and microsite quality interact to determine plantation surviv-
al, 2) presenting an example to characterize quality distributions of seedling
and microsite qualities, and 3) comparing model outcomes based on meas-
ured distributions to realistic values of first-year survival. Simulation results
indicated that consistent survival could result from random pairings of initial
seedling and site quality distributions. LDAF data analysis indicated that 72%
of seedlings were associated with the most frequent quality class that com-
prised seedlings with stem caliper between 3.2 to 4.7 mm and average stem
height and volume of 25.75 cm and 3.43 cm’, respectively. Similarly, assess-
ment of microsites at planting sites in Southeast Louisiana indicated that 48%
of planted seedlings were associated with the most frequent microsite quality
class which supported first-year height increment between 9 to 29 cm. Model-
ling of current operational practice indicated that using seedlings with larger
caliper size would increase first year survival, but would result in higher estab-
lishment costs. The conceptual model could be modified to for use in other
regions regardless of species types involved.
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1. Introduction

First-year seedling survival is a critical element in plantation forestry since all
subsequent management planning depends on the quality of stand establish-
ment. Efforts to achieve good seedling establishment can also be the most ex-
pensive aspect of a silvicultural regime because high establishment costs are car-
ried through the entire rotation. Therefore, the use of high quality seedlings
planted on favorable microsites is desirable for ensuring first-year survival suc-
cess.

Seedling quality is characterized as the ability of the seedling to quickly be-
come established and initiate growth. Nursery techniques often involve standar-
dized protocols and subsequent grading to supply quality seedlings that give the
best chance of survival and subsequent growth (Feret & Kreh, 1985). Microsite
quality refers to the site conditions into which the individual seedling is planted,
and how favorable they are to seedling survival and growth (Puttonen, 1989).

A primary goal of site preparation is to create microsites that allow seedlings
to realize their growth potential (Dougherty & Gresham, 1988). Since the 1950s,
mechanical site preparation techniques have become standard practice in the
southern US (Fox et al., 2007a); practices such as disking, bedding, and subsoil-
ing alter soil properties so as to affect seedling rootability, water storage, nutrient
content and supply, and competing vegetation (Morris et al., 2006). Similarly,
the uses of herbicides, and to some extent prescribed fire, influences seedling
competition (Amishev & Fox, 2006; Fox et al., 2007b; Harrington et al., 1998).

Various factors define seedling quality relative to plantation establishment.
Morphological and physiological parameters such as stem caliper, height,
root-shoot ratio, water potential, root regeneration potential, and photosynthetic
efficiency have been shown as major indicators of seedling quality (Brennum,
2005; Larsen et al., 1986; South et al., 2001a; Thompson, 1985). Seedling caliper
and height are most frequently used for seedling grading because of the ease of
measurement, as well as their positive relationship to seedling survival. Similarly,
numerous physical and chemical properties have been used to characterize mi-
crosite quality. In the US South, the most frequently cited site factors affecting
seedling survival and growth include mechanical resistance (Lincoln et al., 2007),
water potential and moisture availability (Fox et al., 2007b; Morris et al., 2006),
and the soil nutrient status (Margolis & Brand, 1990). Site preparation tech-
niques used to ameliorate these factors include bedding and fertilization treat-
ments which, along with competition control, alter microsites to either increase
soil resource availability or enhance the ability of seedlings to garner those re-
sources (Lincoln et al., 2007).

Nursery and site preparation practices have improved over time, resulting in
increased overall seedling and site quality respectively (Boyer & South, 1984).
Current tree improvement efforts are working towards genetically improved
seedlings suited for specific growth environments which could further improve

seedling performance allowing them to achieve their genetic potential (Fox et al.,
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2007a). However, there remains a significant difference in survival rates between
seedlings in research plantings and those in operational settings.

First-year seedling survival in operational plantings has remained on a plateau
of between 80% - 90%, while in research settings survival is commonly greater
than 90% (South et al., 2001b). Hitch et al. (1996) found an 8% difference in
first-year survival of loblolly pine seedlings between experimental and opera-
tional plantations. Annual seedling survival reported by the Louisiana Depart-
ment of Agriculture and Forestry (1997-2007) showed that first year survival of
bare-root loblolly pine seedlings in industrial plantations averaged 82% for the
period 1997 to 2007 excluding 1998 and 2006 (Figure 1). These two years had
exceptionally severe weather conditions resulting in considerably lower than av-
erage survival. In 2008, U.S. experienced near normal climate condition with av-
erage temperature of 11.7°C and precipitation of 774 mm, both values were
slightly above the 20" century average (NOAA, 2008).

The reason for the plateau in current first-year seedling survival could be due
to standardized nursery and seedling handling practices, as well as the site prep-
aration techniques. In the southern U.S., most pine seedling nursery operating
techniques, grading systems, and seedling handling procedures have been stan-
dardized to supply uniform and quality seedlings (Fox et al., 2007a). Similarly,
site preparation and vegetation control have become standard practices in coast-
al plain plantations (Harrington et al., 1998; Jokela et al., 2004; Fox et al., 2007a).
These standardized practices may be resulting in an underlying quality distribu-
tion of both seedlings and microsites. Plantation survival then could be consi-
dered the result of random pairing of the two distributions of seedling and mi-
crosite quality. While considerable work has been aimed at understanding the
factors affecting seedling survival (Davis & Jacobs, 2005; Feret & Kreh, 1985;
Folk & Grossnickle, 1997; Schultz, 1999), none of the earlier studies have at-
tempted to explain the survival plateau as being dependent on the initial seedling

and microsite quality distribution in current plantation practices.
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Figure 1. First-year pine seedling survival in Louisiana from 1997 to 2007 (Louisiana
Department of Agriculture and Forestry 1997-2007).
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We propose a conceptual model that explains plantation seedling survival as
the result of the random pairing of seedlings and microsites. This model suggests
that the quality distributions of seedlings and microsites are responsible for the
observed plateau in seedling survival in loblolly pine plantations. The specific
objectives are: 1) to present a conceptual model demonstrating how variation in
seedling and microsite quality interact to determine plantation survival, 2) to
present an initial attempt to characterize quality distributions of seedling and
microsite qualities, and 3) to compare model outcomes based on measured dis-

tributions to realistic values of first-year survival.

2. The Conceptual Model

Mathematically, the model consists of two components—the joint frequency
distribution of the seedling and microsite quality, and a function for predicting
the probability of first year survival using the joint frequency distribution. The
sum of predicted probabilities from the joint distribution is the overall seedling
survival for the plantation.

The model can also be described in discrete terms using quality classes. The
effect of various distributions of quality classes on seedling survival is relatively
easy to illustrate. To illustrate the discrete version of the model, we assumed five
seedling quality classes, S1 - S5. We chose five quality classes because the current
literature regarding seedling quality often discriminates seedlings into advanced
quality, high quality, average, poor, and very poor classes. South et al. (1985) di-
vided seedling quality into five quality classes: morphologically advanced, grade
1, grade 2, grade 3, and cull class. Similarly, microsites were divided into five
classes M1 - M5. For both seedlings and microsites, 1 indicates the highest qual-
ity while 5 indicates the poorest quality. Relative frequency values were arbitra-
rily assigned to the five seedlings and microsite quality classes to create a distri-
bution of each (Table 1).

To simulate a planting of the assumed quality distributions in Table 1, we
conducted a repeated random pairing of each seedling and microsite quality by
multiplying the relative frequencies of the two respective distributions. The re-
peated random pairing implies each seedling gets paired with each microsite, and

vice-versa. The pairing generated a 5 by 5 pairing matrix (Table 2). To assess

Table 1. Seedling (S) and Microsite (M) quality distribution for the conceptual model,
where quality class 5 indicates lowest value and quality class 1 indicates the best value.

Relative frequency

Quality class
Seedling (S) Microsite (M)
1 0.10 0.20
2 0.25 0.20
3 0.35 0.35
4 0.20 0.15
5 0.10 0.10
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Table 2. Joint frequency distribution of seedling (S) and microsite (M) quality for the
conceptual model, where quality class 5 indicates lowest value and quality class 1 indi-
cates the best value. The cell values in each seedling and microsite quality pairing indicate
relative frequencies.

Microsite Seedling quality
quality st s2 $3 4 S5
M1 0.02 0.05 0.07 0.04 0.02
M2 0.02 0.05 0.07 0.04 0.02
M3 0.03 0.08 0.12 0.07 0.03
M4 0.01 0.03 0.05 0.03 0.01
M5 0.01 0.02 0.03 0.02 0.01

survival for each pairing in simple terms of yes or no, we assigned probability of
survival 1 or 0 (Table 3) to each combination of seedling and microsite qualities
in Table 2. This means that some pairs will observe no mortality while the re-
maining pairs will have no survival after one year. The reason for using extreme
values of 1 or 0 is to exhibit the model in its most simplified form.

The central assumption is that higher quality seedling and microsite pairs will
observe no mortality, i.e. 1% or 100% probability of survival, while poor quality
pairing will have no survival, i.e. 0% probability of survival. In reality, the prob-
ability of survival may approach 1 for a high quality seedling planted on a high
quality microsite, to nearly 0 for a poor quality seedling planted on a poor mi-
crosite. In fact, the probabilities may never truly reach 1 or 0. A great seedling on
a great microsite might still die due to poor handling or planting of the seedling,
poor growing conditions after planting, or random probability of damage from a
variety of sources. Similarly, a bad seedling on a bad site has a small chance of
survival due to favorable environmental conditions (e.g. rain or temperature)
following planting.

The proportion of the seedling population surviving in each pairing is com-
puted by multiplying, element by element, the relative frequency of the pairings
in Table 2 by the survival probability assumptions in Table 3. For this example,
the result is shown in Table 4. Summing of the values across cells yields the final
survival percentage of this hypothetical simulation. In this example, the survival
was 52.5% after one growing season (Table 4). This simulation model highlights
the importance of the random pairing of initial seedling and site quality distri-

butions to determine final survival.

3. The Simulation Model

In the conceptual model, we outlined a very simplistic model involving a seedl-
ing and site quality distribution and computed its final survival result. In order
to infer the initial quality distribution and final survival, we need to replicate the
conceptual model for other seedling and site quality distributions with more rea-

listic survival assumptions and compare the final survival results. To do this, we
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Table 3. Expected survival assumption for the conceptual model, where quality class 5
indicates the lowest value and quality class 1 the best value. Cell value 0 indicates no sur-
vival, while cell value 1 indicates 100% survival in a pairing of site quality and microsite

quality.
Microsite Seedling quality
quality S1 S2 S3 S4 S5
M1 1 1 1 0 0
M2 1 1 1 0 0
M3 1 1 1 0 0
M4 0 0 0 0 0
M5 0 0 0 0 0

Table 4. Predicted first-year survival for the conceptual model where quality class 5 indi-
cates lowest value and quality class 1 indicates the best value. Cell values in each seedling

and microsite quality pairing indicates relative frequencies.

Microsite Seedling quality
quality 51 s2 $3 S4 $5
M1 0.02 0.05 0.07 0 0
M2 0.02 0.05 0.07 0 0
M3 0.03 0.08 0.12 0 0
M4 0 0 0 0 0
M5 0 0 0 0 0

created 20 different distributions for seedling quality and 20 distributions of mi-
crosite quality, each with five quality classes as in the conceptual model. The first
ten seedling quality and microsite quality distributions included a varied pro-
portion of lower quality seedlings and microsites in their respective quality
classes S4, S5 and M4, M5, while the remaining 10 seedling and microsite dis-
tributions lacked any distribution in very poor quality classes S5 and M5. The
relative frequency distribution pattern between quality classes indicated a shift
from a few to no seedlings and microsites in lowest quality classes.

We followed the same simulation steps described in the conceptual model to
determine final survival in each of these distributions. The pairing of 20 hypo-
thetical seedling quality distributions and 20 microsite quality distributions re-
sulted in 400 simulated plantings. We arbitrarily assumed a survival probability
function that was different than the one used in our explanation of the concep-
tual model. Here we assume that even high quality pairings will observe some
mortality and resulting in 95% survival and poor quality pairings will have an
assumed 60% survival as opposed to the zero probability of survival in the con-
ceptual model.

Element by element multiplication of each pairing with its corresponding as-

sumed probability of survival, and then summing the resulting values provided
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the overall plantation survival of these 400 pairings after one growing season.
The results indicate that the overall survival of these 400 simulated plantings va-
ried between 49% and 99%. Distributions with higher proportions of seedlings
and microsites in S1 and S2 (M1 and M2) classes naturally resulted in higher
survival percentages. This demonstrates how overall survival is responsive to the
relative frequency distributions between initial seedling and microsite quality
classes. These pairings created a survival distribution tending toward the higher
end. However, frequency distribution with relatively higher proportions of
seedlings and microsites in poor quality classes S4 and S5 (M4 and M5) resulted
in final survival fairly insensitive to any changes in the distribution because most
of those pairings in lower quality classes were assumed to fail. In other words,
there was relatively small change in final survival from the alteration in initial
frequency distributions involved in lower quality classes as compared to similar
changes in higher quality classes of seedlings and microsites under similar sur-
vival probability assumption.

Additionally, the increase in frequency of seedlings and microsites in poor
quality classes created distribution tending toward the lower end. These simula-
tion results demonstrate how final survival is dependent on the initial quality
distributions and how consistent survival could result from the random pairing
of similar seedling and microsite quality distributions. This also provides initial
support for the concept that our nursery and site preparation practices might be
providing consistently similar quality distributions of seedlings and microsites

thus resulting in the observed plateau in first year seedling survival.

4. The Case Study

A case study was used to quantify actual quality distributions of seedlings and
microsites and randomly combine these pairings to determine how sensitive
survival may be to random combinations of the relative frequency of seedling
and microsite qualities. The ideal approach for this type of study would be to
plant seedlings of known quality at microsites of known quality and measure
first-year survival and growth. This could theoretically be accomplished by ei-
ther planting commercially available seedlings on uniform microsites to measure
seedling variation, or by planting clones on operationally prepared tract to
measure microsite variation. However, because of the lack of access to seedlings
and microsites prior to planting, a modified approach was followed, and there-

fore the results in this section were still hypothetical.

4.1. Seedling and Microsite Measurements

Seedlings and microsites commonly used in operational plantations were used to
estimate their quality distributions. Seedling data were obtained using a
1000-seedling bag of bare root loblolly pine (Pinus taeda) seedlings, most com-
monly planted and intensively managed commercial pine species in the southern

U.S., purchased from the Louisiana Department of Agriculture and Forestry
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(LDAF) in 2008. Stem caliper and height were measured on 907 unbroken
seedlings. Seedling volume was calculated from the caliper and height measure-

ments using the volume formula:
v =[nd’h]/4 6y

where Vis stem volume, d is stem diameter, and 24 is shoot length. For the 907
seedlings, stem caliper, stem height, and volume averaged 4.05 mm, 25.12 cm
and 3.43 cm’, respectively (Table 5). Stem caliper varied between 1.19 to 8.86
mm, stem height between 13 to 39 cm, and stem volume between 0.23 to 16.02
cm’. This clearly demonstrates that the nursery bag did not contain seedlings of
uniform size.

Microsite data were collected from measurement of microsite variables at
eight randomly selected recent plantations on Weyerhaeuser Inc. lands in Li-
vingston Parrish, Louisiana. At each of these planting sites, 200 planted seedlings
were randomly identified and their microsite environment assessed. Thus, a total
1600 seedlings and their microsites were assessed from the selected planting
sites. The selected seedlings were assessed in spring 2008 and 2009 their
first-year height increment was recorded.

To assess microsite, bed height and soil compaction were recorded at each
seedling location. Soil penetration was measured using a pin penetrometer in
four quadrants around each selected seedling. The penetrometer reading was an
arbitrary scale ranging from 0 to 20 indicating the level of resistance. Bed height
was measured using a level and a height pole. Measurements of bed height were
taken from both sides of the bed where the seedling was planted. Soil samples
were collected from every 10" seedling microsite providing 160 samples from
which to assess soil moisture content, texture, and mineral nitrogen content of
the microsites.

A soil probe was used to collect soil from the rooting zone of the selected
seedlings 15 to 25 cm below the soil surface. Mineral nitrogen content was as-
sessed using approximate 10 gm of soil from each sample extracted with 2 N
KCL. The sample extracts were shaken at 220 rpm for 1 hr. The extract was fil-
tered after allowing it to settle for one hour. The filtrate was analyzed for total
mineral nitrogen with an ammonia conductivity detector (Timberline Instru-
ment Model 550 A). Soil moisture content was determined gravimetrically. Soil
texture was determined using the hydrometric method as described in Klute
(1986).

Table 5. Mean, minimum, and maximum for the caliper, stem height, and volume of the
sampled 907 bare-root seedlings.

Seedling variables Mean Minimum Maximum
Caliper (mm) 4.05 1.19 8.86
Stem height (cm) 25.12 13.00 39.00
Volume (cm?) 3.43 0.23 16.02
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Table 6 presents data collected from the measurement of 1600 selected seedl-
ings and their associated microsite characteristics at the selected Weyerhaeuser
Inc. sites in Louisiana. The average resistance index was 9.09, ranging from 1 to
20. Bed height averaged 26.37 cm, varying between 4 and 50 cm. The 160 sam-
pled microsites displayed wide variation in mineral nitrogen content and tex-
ture. Soil nitrogen concentrations averaged 2.55 ppm, ranging between 0.20 and
10.56 ppm. In the surface horizon, the average proportion of sand, silt, and clay
were 36.58%, 54.52% and 8.90%, respectively—sand varied between 5.95% and
74.73%, silt varied between 16.51% and 75.25%, and clay varied between 5.34%
and 21.26%.

Interestingly, first-year height increment of the 1600 seedlings planted at these
microsites varied between 0 to 87 cm with an average increment of 25.59 cm.
Seedling performance largely depends on the growing environment at the
planting site (Dougherty & Gresham, 1988; Jokela et al., 2004; Jose et al., 2003;
Knapp et al., 2008; Puttonen, 1989), so the variation in measured microsite cha-
racteristics and the different height increments of the planted seedlings indicated
that not all seedlings experienced the same microsite environment across the

planting sites.

4.2. Classifying Seedling and Microsite Quality

Stem caliper of nursery seedlings was used as an indicator of seedling quality.
South et al. (1985) provided seedling classification scheme based on stem caliper.
Seedlings with larger stem caliper were in better quality class. To characterize the
microsite quality distribution, predicted first-year height increment of seedlings
based on microsite characteristics was used as a quality index.

The height increments were predicted from a reduced regression model with
microsite variables (bed height, soil penetration, texture, and mineral nitrogen)
as dependent variables against first-year height increment values. Thus, micro-

site quality was not based on actual seedling height increment, but rather on

Table 6. The mean, minimum, and maximum height increment of first-year loblolly pine
seedlings and the associated microsite characteristics from measurements taken in spring
2008 and 2009.

Microsite variables Number Mean Minimum  Maximum

Height increment (cm) 1600 25.59 0 87
Soil penetration (no. unit) 1600 9.09 1 20
Bed height (cm) 1600 26.37 4 50

Soil moisture (%) 1600 21.65 1.21 53.18

Total mineral nitrogen (ppm) 160 2.55 0.20 10.56

Sand (%) 160 36.58 5.95 74.43

Silt (%) 160 54.52 16.51 75.25

Clay (%) 160 8.90 5.34 21.26
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the modeled relationship between observed height increment and a suite of mi-
crosite variables. The reason for using predicted height increment instead of
measured height was that empirical measurements of height increment are af-
fected by both seedling and microsite quality, and thus confound the measure.
Using predicted values isolates the influence of microsite factors on height in-
crement.

The nursery seedlings were classified into quality classes based on their stem
caliper. The seedlings were grouped into five quality classes and the relative fre-
quency in each class was determined. This provided an estimated quality distri-
bution for nursery seedlings in current operational plantations in Louisiana in
which LDAF seedlings were used. Seedlings in quality class S5 had stem caliper
less than 2.4 mm, while stem caliper in quality class S1 were greater than 6.3 mm
(Table 7). Seedlings in quality class S5 were smaller, and thus considered infe-
rior. Their average stem height and volume were 19.88 cm and 0.65 cm’, respec-
tively. Seedlings in class S1 had average stem height and volume 27.16 cm and
10.47 cm’, respectively.

These larger seedlings were presumed to be superior. There were 16% seedl-
ings in S4 and S5 quality classes combined. The bale contained only 2% S5 qual-
ity seedlings and 10% S2 quality seedlings. Class S3 comprised 72% of the seedl-
ings. This indicated that the bale contained mostly S3 class seedlings which
could be the desired quality class, according to current standards.

To determine the microsite quality distribution, the range of predicted height
increments was divided into five quality classes and the relative frequency in
each class was computed. Microsites with less than zero predicted height incre-
ment were grouped into lowest quality class and the average height increment
was required to be in the middle quality class M3. The M5 microsite quality class
included sites with a predicted height increment of less than zero, while the M1
quality classes included sites with greater than 32 cm predicted first-year incre-
ment (Table 8). Other quality classes M4, M3, and M2 had predicted increments
between 0 and 32 c¢m on first year. The microsite quality class M1 contained 33%
of the microsites and the lowest quality class M5 had 3% of the microsites asso-

ciated with it. The quality class M3 was the most frequent microsite with 48%

Table 7. Seedling quality classes and the associated caliper range and relative frequency of
the 907 bare-root seedlings. Seedling quality class 5 indicates lowest quality and class 1
indicates best quality.

Seedling quality Caliper range Relative Average height  Average volume
class (mm) frequency (cm) (cm?)
S1 >6.3 0.02 27.16 10.47
S2 47-6.3 0.10 26.51 5.69
S3 32-47 0.72 25.28 3.15
S4 24-32 0.15 23.08 1.52
S5 <2.4 0.01 19.88 0.65
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Table 8. Microsite quality class and associated predicted height increment and relative
frequency of the first-year loblolly pine seedlings, with microsite quality class M5 indi-
cating lowest quality and class M1 indicating best quality.

Microsite Quality Class Predicted height increment (cm) Relative frequency
M1 >32 0.33
M2 29 -32 0.09
M3 9-29 0.48
M4 0-9 0.07
M5 <0 0.03

of the microsites associated with it. This uneven relative frequency distribution
between microsite quality classes highlights the heterogeneity in growing envi-
ronment available to the new plantings.

Of the eight planting sites assessed, each site possessed a unique microsite
quality distribution. The relative frequency between the quality classes characte-
rized the overall suitability of the planting sites. Higher relative frequency in
quality classes M1 and M2 comprised relatively better quality planting sites. The
planting sites A, B, C and F were average quality planting sites with more than
50% of the microsites in M3 quality class. The site H had at least 60% microsites
in the quality class M1 which suggests a relatively better quality planting site.
This indicates that planting sites differ in terms of microsite quality distribution

even though they may have received similar site preparation treatments.

4.3. Comparing Model Outcomes to Realistic First-Year Survival
Values

The survival outcomes for every combination of seedlings and microsites were
not measured for this part of the study; thus, the outcomes are still hypothetical.
To develop the survival outcomes for every combination of seedlings and micro-
sites, seedlings of known quality distribution must be planted on a site of a
known microsite quality distribution which is left to a future study. Our predic-
tions of first year survival from quality distributions of seedlings and microsites
required assumptions about proportional survival of each seedling-microsite
quality combination. The goal was to identify proportional survival assumptions
that would approximate the actual average and range of seedling survival ob-
served in Louisiana.

Different proportional survival scenarios were tested with an underlying pre-
sumption that higher quality pairings result in better survival than lower quality
pairings. Three unique proportional survival scenarios assuming different sur-
vival rates for each quality combination were analyzed (Table 9). Tabulation of
percentage survival rates for loblolly pine seedlings by South et al. (1985) was
used a guide for assuming proportional survival rates for the three survival sce-

narios.
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Table 9. Proportional survival assumption for each pairing of seedling and microsite
quality class under three different survival scenarios. Quality class 5 indicates lowest value
and class 1 indicates best value. Cell value 0 indicates no survival, while 1 indicates 100%

survival.
Scenarios Microsite Seedling quality class

quality class s1 S2 s3 sS4 S5

1 (Min)
M1 0.77 0.77 0.74 0.71 0.67
M2 0.77 0.76 0.71 0.68 0.62
M3 0.74 0.71 0.66 0.65 0.57
M4 0.71 0.68 0.65 0.64 0.48
M5 0.67 0.62 0.57 0.48 0.32

2 (Max)
M1 1.00 0.98 0.97 0.95 0.91
M2 0.98 0.96 0.96 0.94 0.87
M3 0.97 0.96 0.96 0.91 0.81
M4 0.95 0.94 0.91 0.86 0.71
M5 0.91 0.87 0.81 0.71 0.55

3 (Avg)
M1 0.89 0.88 0.86 0.83 0.79
M2 0.88 0.86 0.84 0.81 0.75
M3 0.86 0.84 0.81 0.78 0.69
M4 0.83 0.81 0.78 0.75 0.60
M5 0.79 0.75 0.69 0.60 0.44

Minimum and maximum survival rates for each diameter class (South et al.
1985) were adopted as diagonal elements for the scenarios 1 (Min) and 2 (Max)
matrix in Table 10. The proportional survival rates for the diagonal elements in
scenario 1 (Min) ranged between 0.32 to 0.77 while the corresponding elements
varied between 0.55 to 1.00 in case of the scenario 2 (Max). The diagonal ele-
ments for the survival scenario 3 (Avg) were average of the corresponding ele-
ments in scenarios 1 (Min) and 2 (Max). The diagonal elements varied from 0.44
to 0.89 for the scenario 3 (Avg). The non-diagonal values indicated an im-
provement in either seedling or microsite quality only, but not both. For the
non-diagonal values, the proportional survival rate was an average of the nearest
diagonal elements or cell values. These survival assumptions were obviously ar-
bitrary. The rationale for using the different increases in survival probability was
that we were attempting to generate a range in overall plantation survival esti-
mates that matched observed survival rates reported by the LDAF.

Simulated plantings were performed to compare the mean and range of

first-year survival under each of the three survival scenarios. The computation of
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Table 10. Predicted average, minimum, and maximum first-year survival percent from
the pairing of seedling and microsites qualities at eight different planting sites under three
different proportional survival scenarios. Cell values are first-year survival percentages for
each scenario.

Survival scenario

Survival (%)

1 (Min) 2 (Max) 3 (Avg)
Average 69 95 82
Minimum 66 93 79
Maximum 71 96 83

expected plantation survival given the planting of LDAF nursery seedling quality
distribution (Table 7) at each of the eight planting sites under each survival sce-
nario (Table 9) predicted survival for each of the eight planting sites. The mean
and range of final survival across the eight sites varied among the survival scena-
rios (Table 10).

Under scenario 1 (Min), average survival was 69%, varying from 66% to 71%.
Average survival in scenario 2 (Max) was 95% and ranged from 93% to 96%.
Average survival in scenario 3 (Avg) was 82%, varying from 79% to 83%. The
mean and range of first-year survival for the scenario 1 (Min) and 2 (Max) did
not match the survival values reported by LDAF for Louisiana. In scenario 1
(Min), the average and range were relatively lower than reported values, and in
scenario 2 (Max), the average and rage were higher than the reported LDAF sur-
vival results. Scenario 3 (Max) provided a better approximation of the first-year
seedling survival reported in the LDAF data.

The survival range was wide enough to include the observed survival values
and the average was relatively similar to the observed average. This survival as-
sumption better approximated current operational survival rates in Louisiana. It
implies that operational plantation practices in Louisiana might observe similar
sensitivity related to first-year survival under given quality class pairings of
seedlings and microsites. This scenario was selected for making further infe-
rences on strategies to improve the survival plateau. However, we arbitrarily de-
veloped this survival probability matrix to try and match the LDAF reported
survival rates; and there could be other survival probability matrices that might
match the values. But, it is the closest approximation that could be made based
on currently available empirical results providing survival rates for first-year
loblolly pine seedlings.

The initial seedling and microsite quality distributions were the inputs for the
proportional survival assumption for each pairing. Given the initial quality dis-
tributions in an operational environment, annual variations in weather condi-
tions would be expected to result in variation around the average survival rate.
The survival response to such annual variation would, however, largely depend
on injtial seedling and microsite quality. The lower quality pairings of seedlings

and microsites would likely be more sensitive to such variation than high quality
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pairings.

Thus, the proportional survival of lower quality seedling and microsite pair-
ings might be relatively higher under favorable weather condition but could be
unreliable under more adverse conditions. In reality, the survival scenario as-
sumption is an approximation rather than a field-based measurement because
we never actually get to observe such proportion because of the existing diver-
gence in definition of the term quality. However, the use of higher quality seedl-
ing and improved site preparation would certainly be expected to improve pro-
portional survival. In essence, the initial quality distributions largely determine
the underlying proportional survival decision matrix scenarios and ultimately

the average survival.

5. Implications for Current Practices

Scenarios that increase plantation survival rates were identified and would indi-
cate management actions that should lead to better meeting plant establishment
objectives. The presence of lower quality seedlings and microsites appears to be
largest contributor to a lower overall survival rate, as seen in scenario 3 (Avg).
The inferior seedling/microsite pairing could be avoided by culling poor quality
seedlings and avoiding poor microsites (that are identified before or during
planting operations).

A simulated scenario included the removal of cull seedlings and adverse mi-
crosites. Obviously, the number of usable seedlings in the nursery bale decreased
with the increase in minimum size of acceptable seedlings. Avoiding S5 quality
seedlings during planting reduced the total number of seedlings available for
planting to lower than 907. Similarly, with a strategy to avoid M5 quality micro-
sites during planting, the number of usable microsites was less than 200, because
the microsites supporting no predicted height were avoided during planting.

Simulation of the pairing of new seedling quality distribution with new mi-
crosite quality distribution was evaluated for the decision matrix scenario 3
(Avg). Elimination of S5 quality seedlings and avoiding the lowest quality mi-
crosites M5 during planting increased the average survival to over 90%. Imple-
mentation of this scenario, however, would not be so simple and straightforward
during actual planting operations. While determining seedling quality might be
relatively straightforward, identifying and avoiding poor microsites during
planting would be difficult and time-consuming. Some sort of sampling process
might be required to precisely identify such sites, rather than relying on planting
crews to avoid such sites during planting operations. More intensive site prepa-
ration practices at a higher cost could eliminate lower quality microsites, but
could also alter some soil characteristics important for early height increment of
the new seedlings. Thus, the option of avoiding lower quality microsites is not
easily implemented.

A more practical option to enhance survival would be to increase the target

seedling size in planting operations. Simulating the pairing of the new seedling
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distribution after culling inferior seedlings with the original microsite distribu-
tion increased the average survival. Eliminating seedlings of less than 3, 5, and 6
mm caliper from the nursery supply increased the average survival to 83%
(range 80% to 84%), 85% (range 83% to 87%), and 86% (range 83% to 88%), re-
spectively. Similar results have been reported in earlier nursery trial studies
(Radoglou & Raftoyannis, 2002; South et al., 2001b). There is a tradeoff. Larger
caliper seedlings should significantly increase average plantation survival and
could raise the plateau in first-year seedling survival, but would also decrease the
percentage of usable seedlings from the nursery supply and increase per seedling
costs.

In practice, it would require the nursery to reduce seedling density in their
beds, resulting in a higher production cost per seedling. Or, another option
could be to discard smaller seedlings during planting. Our case study showed
that eliminating seedlings 3, 4, or 5 mm caliper or smaller culled 10%, 51%, and
89% of the seedlings, respectively. This increased the per seedling cost from
$0.040 to $0.048, $0.087, and $0.435, respectively. These results indicate that in-
creasing caliper size could be a promising strategy to increase first-year survival
but at higher establishment cost.

Pine plantations in the southern US are the most intensively managed forests
in the world, and this study used seedling and microsite data from the opera-
tional plantations in this region. The results of this study could easily be applied
to other world regions and species types. The conceptual model, based on a
probability distribution to analyze plantation success in an operational envi-
ronment, could be modified for other designs of nursery and site preparation
interactions. It is a new framework for future research into plantation survival
dynamics.

These results particular apply to restoration efforts. The interaction of micro-
site and various planting stock factors (like stocktype and container type) in in-
fluencing plantation survival is well-established in the literature (Paterson, 1997,
Pinto et al., 2011), but little attention has been focused on the seedling quality
distribution, much less it’s interaction with microsite, as one of these factors
(Grossnickle and MacDonald 2018). Any factor influencing plantation survival
can have significant impact on ecosystem restoration projects (Oliet & Douglass,
2012). Thus, these results may prove valuable to managers and planners needing
to modify plant establishment and management procedures to better meet res-
toration objectives (Harrington, 1999; Nunez-Mir et al., 2015).

6. Conclusion

This study highlights the combined influence of initial seedling quality and mi-
crosite quality on first-year seedling survival. Simulation results demonstrate
that a consistent average survival rate could result from the repeated pairings of
similar seedling and microsite quality distributions. Similarly, our case study re-
sults indicated that average first-year survival increased with the increase in

seedling and microsite quality distribution.
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Recent attempts to use genetically improved seedlings, grading techniques,
careful transportation and handling practices, and intensive site preparation
practices could be viewed as attempts to use uniform and better quality seedlings
and microsites in plantation establishment. Current practices could be consi-
dered somewhat standardized in terms of seedling production and site prepara-
tion techniques used in operational plantation management. But there remains
considerable heterogeneity in seedling and microsite qualities. The availability of
a significant proportion of lower quality seedlings and poor quality microsite
could be a concern for increasing the first-year seedling survival.

These results suggest that first-year survival is responsive to initial quality dis-
tributions of seedlings and microsites, and the observed survival plateau could
be the result of repeated pairing of similar quality distributions. This could be
the unintentional result of standardized nursery management and site prepara-
tion practices providing similar distributions of seedling and microsite quality in
operational planting environments. One of the practical strategies to increase
first-year seedling survival is to increase seedling size. Larger seedlings could in-

crease survival and growth, and ultimately yield from plantations.
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