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Abstract: Mexico is home to 40% of the pine species in the world. By the year 2050, 20% of the
Mexican forests could be lost because of climate change and other human-related activities. In this
paper, we determine the potential areas for seed collecting of four species of the genus Pinus and its
ex situ economic value under different future Climate Change Scenarios (CCS). The species analyzed
were Pinus oocarpa Schiede ex Schltdl, P. rudis Endl., P. culminícola Andresen et Beaman and P. leiophylla
Schiede ex Schltdl. and Cham which together accounts for 19% of the timber production in Mexico.
Potential areas of distribution of populations in habitats with Annual Mean Maximum Temperatures
(AMMT) for seed collection were modelled through a Geographic Information System and climate
database. The seed storage economic value was determined by using the Collection Cost Method.
The AMMT of P. oocarpa, P. rudis, P. culminícola and P. leiophylla were 28 ◦C, 20 ◦C, 18.3 ◦C and 27.4 ◦C,
respectively. The economic losses from shortages of these species due to CCS in 2050, were estimated
of 88.5 million (USD) and 67.16 million (USD) with severe and conservative future CCS, respectively.
The nominal investment rate would be 8.84% or more, for storing seeds of the four species and
withstanding climate change. An ex situ seed bank is a medium and long-term investment; among its
benefits are establishing a market price for the use and conservation of species in the face of possible
adverse scenarios.

Keywords: seed accession; climate change; collection cost; nominal investment rate

1. Introduction

In Mexico, pine forests are mainly located in mountainous areas with temperate and
sub-humid climates. They occupy 21% of the national territory and contain 24% of the
recorded flora [1]. The country houses the highest world diversity of the Pinus species,
having 45 [2]. The Pinus species is economically important in Mexico, accounting for
70.87% of the timber production in 2017 [3]. The Community Forestry Enterprises (CFEs)
contributed 70% of the timber production [4–6], and locally the forest activity represents
almost 30% of the domestic economy of its members [7,8]. Due to the wide distribution of
the Pinus genus, it is important for the country’s economy [9].
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Unfortunately, it is predicted that by the year 2050, 20% of the Mexican forests could
be negatively lost due to climate change and other related human activities, which could
negatively affect both biodiversity and commercial forest timber production [4,10]. During
the same period, the natural distribution areas of some of the commercial forest species of
the genus Pinus are expected to decrease to 50%. Consequently, as a preventative measure
for their conservation, it is urgent to collect and bank seeds from different populations of
Pinus species that are tolerant to drought and able to withstand future higher tempera-
tures [4,11,12].

Germplasm conservation can be done in the form of ex situ or in situ conservation
either dynamically or statically [13]. In situ conservation is short term and is important
because for many species the method of seed storage or planting is unknown [14]. However,
ex situ conservation is long-term and the seed production is affected by the response to
the selective forces of the ex situ environment. After the seed or sample is collected and
the plantation established for conservation purposes, gene frequencies change through
time under the influence of natural or artificial selection [13]. Seed banks (SB), pollen,
tissue culture, DNA, and clonal banks, are an alternative to static ex situ conservation.
Particularly, SBs allow the conservation of seeds in a reduced space and with a minimum
risk of genetic damage. In addition, the wild forest populations constitute a biological
resource for the genetic improvement of the species, including the documentation of their
current and future distribution range and the evaluation of their seeds for establishing
collection sites for its use and conservation [12,15]. In the coming decades, SBs surely will
be strategic spaces for the conservation of Mexico’s floristic resources [1,16]. Contrary to BS,
seed orchards are a dynamic ex situ conservation alternative that allows the propagation of
the germplasm of individuals with outstanding characteristics, of economic interest and
resistance to extreme environmental seed factors [17]. Although seed orchards are very
important to conserve those species that produce recalcitrant seeds, that is, short-lived,
such as mahogany and cedar, they can only conserve one or a few species, while SBs allow
the conservation of many species of interest at the same time.

However, germplasm conservation through SBs involves ex situ and in situ costs.
In situ conservation costs are mainly surveillance, fences, silvicultural treatments, and
land rent. On the other hand, ex situ conservation costs involve spending on facilities,
energy, fieldwork and maintenance. However, both ex situ and in situ conservation, have
expected benefits from the resources that are stored, especially conservation of germplasm
of withstanding species that are commercially valuable and important for food security [18].
Therefore, the storage of germplasm of forest species that are resistant or adaptable in seed
orchards or SBs requires a benefit–cost analysis of storage and future use [4,19], to build up
an integral collection-conservation strategy for their germplasm.

In Mexico, there are no published studies regarding the economic value of seeds from
wild plants [3]. The economic value of seeds of pine commercial species that are stored in
SBs, is required for understanding the changes of germplasm value in a potential market.
We can also determine the degree of scarcity that the seeds will reach during the planning
period (i.e., 2020 al 2050) [20]. The above will serve to the generation of consistent public
and private policies for in situ and ex situ germplasm maintenance, as well as for the
evaluation of adverse climate change scenarios [4].

A variety of economic methods (use value, contingent valuation, damage function, etc.)
can be applied for assessing the economic value of conserving natural resources [21–23].
For instance, Camacho [24] and Mora and Echeverría [25] assessed the economic value of
germplasm of coffee and palmetto, respectively, and concluded that the annual cost of op-
erating a germplasm bank is considerably lower than the profits that the forestry producers
could obtain from using the higher-yield varieties stored in it. In addition, worldwide ex
situ seed conservation is estimated to cost just a 1% of in situ conservation [18].

This study aimed to assess the cost of seed storage of four Pinus species in a SBs and
explore its relationship with abundance and distribution due to climate change. To estimate
the cost of seeds collection and their future value in storage conditions, the Collection Cost
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Method [26] was used by applying an investment rate to document the future scarcity
of them [27]. The environmental application of this method can be seen in the study
of mangrove forests [23,26], and the economic costs of generation and management of
municipal solid waste [28].

2. Materials and Methods

The research was carried out at the Fes-I UNAM Seed Bank (FESI-SB) of the Faculty
of Higher Education, Iztacala (FESI), of the National Autonomous University of Mexico
(UNAM). We used information from the FESI-SB regarding the collection and storage of
seeds. In addition, we used price quotes and personal information on the costs of seed
collection for commercial forest species from the technical forestry service providers (TFSP)
and civil agents from the National Forestry Commission (Comisión Nacional Forestal),
which is the agency in charge of applying the forestry policy in Mexico.

This research represents a case study of four commercial forest species: Pinus rudis
Endl., P. leiophylla Schiede ex Schltdl. and Cham (commonly known as P. chihuahuana),
P. oocarpa Shiede ex Schltdl, and P. culminicola Andresen et Beaman, whose distribution areas
are predicted to drastically decrease under future climate change scenarios [4,11,12]. The
study was carried out in two phases: (1) the identification of the potential areas for seed col-
lecting of four Pinus species adapted to extreme climate conditions, and (2) the assessment
of the economic value of seed storage from 2018 to 2050, under their scarcity scenario.

2.1. Identification of Potential Seed Collection Areas from Population Adapted to More Extreme
Climatic Conditions

The climatic forecast for Mexico in 2050 predicts severe climate change. Currently, the
average temperature rate is 22.2 ◦C and the average precipitation rate is 793 mm. However,
the temperature and precipitation rates will change to 22.7 ◦C and 660 mm, respectively.
Under a conservative scenario, these variables will change to 21.8 ◦C and 721 mm (IPCC
Website http://ipcc-ddc.cru.uea.ac.uk/ (accessed on 22 May 2019)). The response of the
four species of pines to these two scenarios: severe and conservative is a decrease in their
distribution area of an average of 52.8% and 40.2%, respectively [4] (Table 1).

Table 1. Changes in the potential distribution of Pine species under future severe (HHGGA50) and
conservative (HHGSDX50) climate change scenarios.

Species
Potential Distribution km2 Surface Reduction (%)

HH HHGGA50Mex * HHGSDX50Mex * HHGGA50Mex HHGSDX50Mex

Pinus culminicola 217 127 177 41.5 18.4
P. leiophylla 1737 758 883 56.4 49.2
P. oocarpa 6614 3305 3278 50 50.4
P. rudis 1368 498 783 63.6 42.8

Average: 52.87 Average: 40.2

Source: [4]; HH = current ecenario; HHG-GA50 = Severe regionalized scenario; HHGSDX50Mex = Conservative
regionalized scenario: * Climate change scenarios according to the Intergovernmental Panel on Climate Change
(IPCC website http://ipccddc.cru.uea.ac.uk/ (accessed on 22 May 2019)).

A search for the existence of potential populations of the four species located in habitats
with extreme climate ranges (extreme mean annual temperature) was undertaken, using
the method (recruitment in the ecotone) proposed by Astudillo-Sánchez et al. [29]. We can
also use a digital data analysis platform in ArcGis® 9-ArcMap TM Version 9.2, the SMN
database [30], and records of the species based on 1336 and 1398 georeferenced points from
the vascular plants´ database of the National Biodiversity Information System (Sistema
Nacional de información de la Biodiversidad de México) compiled by the National Commis-
sion for the Use and Knowledge of Biodiversity (Comisión Nacional de Uso y Conocimiento
de la Biodiversidad, CONABIO, http://www.conabio.gob.mx (accessed on 13 May 2019)),
and verified by the Worldwide Network of Biodiversity Information [2,31,32].

http://ipcc-ddc.cru.uea.ac.uk/
http://ipccddc.cru.uea.ac.uk/
http://www.conabio.gob.mx
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The following criteria were used for selecting the potential collection areas (PCA):
(1) climatic units; (2) current distribution of the four Pinus species; and (3) layer overlap-
ping: (a) distribution points of the selected species and (b) most extreme annual average
temperatures of the climatic distribution intervals for each species (average temperature of
the warmest month and the annual average (Figure 1).
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Figure 1. Process for the identification of collection zones.

The basic evaluation unit is a seed accession of each of the four Pinus species, which
is a sample of 3000 to 4000 differentiable and uniquely identifiable seeds, that represent a
cultivar, an improved line, or a population, which is kept in storage for its conservation
and use [33].

2.2. Calculation of the Economic Value of Seed Storage for the Period 2018–2050

The economic value of a seed accession was assessed by: (a) estimation of the total
collection costs per accession (TCCA); (b) calculation of the yield rate (r) of the acces-
sion storage, under its scarcity scenario, and (c) evaluation of the stored accession in the
year 2050.

2.2.1. Total Collection Costs per Accession (TCCA)

The total cost of accession is the sum of the fixed and variable costs [27]. In this
case, the TCCA is the sum of the fixed costs (FC), which in this case are represented
by the infrastructure investment (Equation (1), Table 2), the variable costs or expenses
(Equation (2), Table 2) for collecting seeds in different regions of the country and the overall
processing and preparation work previous to their storage.
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Table 2. Summary of equations utilized in this study.

Name Equation

Total Collection Cost per Accession (TCCA) TCCA = VC + FC (1)

where: TCCA = total collection cost per accession; VC = variable cost; FC = fixed
cost.

Variable cost (VC)
VC =

(
∑m

j=1 Yj ∗ Pj
)

(2)

where: VC = variable cost; Yj = stage j of processing the accession for that species;
Pj = cost of stage j.

Total cost per accession or lot of
storage-ready seeds (TCA)

TCA = 2∗VC (3)

where: TCA = Total cost per accession or lot of storage-ready seeds; VC = variable
cost.

Yield rate (r)

(
PV2050

CPV

) 1
t

− 1 = r (4)

where: PV2050 = Predicted value of forest production of the genus Pinus in the
year 2050; CPV = current value of timber production of the genus Pinus; t = time,

in years, until 2050; and r = movement rate.

Stored seed value in the year 2050 (SSV2050)
SSV2050 = (TCA) ∗ (1 + i)t (5)

where: SSV2050 = value of the stored seed in 2050; i = yield rate of storage of one
accession under a scarcity scenario of the resource; t = planned period of storage of

the seeds.

The criterion for estimating the FC followed the recommendation of Ávila [34], who
points out that many organizations establish a markup of nearly 100% of the VC, when it is
difficult to predict those costs. Accordingly, the cost per accession or lot of storage-ready
seeds is expressed in Equation (3).

2.2.2. Calculation of the Storage Yield Rate (r) of an Accession under a Seed
Scarcity Scenario

To calculate the storage yield rate, we used the formula proposed by Brambila [35]
(Equation (4), Table 2), based on the data series from the year 1993 to 2016 from INEGI [36],
of the forest production value (FPV) of the genus Pinus, as well as the participation in the
FPV of the four species included in this work. This rate represents a baseline from which
it is possible to project the 50-year model, considering a seed scarcity scenario. This is by
subtracting the volume of the four species studied by reducing their areas in this ideal
scarcity scenario.

2.2.3. Stored Seed Value in the Year 2050 (SSV2050)

To calculate the value of the stored seeds in the year 2050, we used Equation (5) (see
Table 2) [24] to compound the interest rate, which consists of obtaining the future value
using a nominal rate (see Table 2).
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3. Results
3.1. Identification of Potential Seed Collection Areas from Species Adapted to More Extreme
Climate Zones

Table 3 and Figure 2 summarize the collection locations for the populations of the se-
lected commercial forest species in habitats that show annual mean maximum temperature
(AMMT). The results show that P. oocarpa and P. leiophylla have the highest AMMT, with
28.0 ◦C and 27.1 ◦C, respectively, while P. culminicola showed the lowest AMMT of 17.3 ◦C
(P. rudis 20.0 ◦C). To facilitate the collection of germplasm from the four species, we propose
two collection points, which correspond to AMMT found in the analysis for each species.

Table 3. Collection locations for seeds from populations of the genus Pinus.

Genus Pinus State Municipality Community AMMT
(◦C)

Coordinates (UTM)

Latitude Longitude

P. oocarpa Oaxaca Santo Domingo
Tehuantepec Tehuantepec 28.0 −95,260 16,360

Oxaca Santo Domingo
Tehuantepec Buenos Aires 26.1 −95,478 16,336

P. rudis Jalisco Ayutla Ayutla 20.0 −104,346 20,128
Jalisco Teocaltiche Teocaltiche 18.0 −102,573 21,433

P. culmicola Nuevo León Galeana Galeana 18.3 −100,075 24,823

Nuevo León Galeana Cumbre de
Sierra la Marta 17.3 −100,394 24,210

P. leiophylla Michoacán Tangancicuaro Patamban 27.4 −102,283 18,800
Michoacán Pátzcuaro El estribo 25.6 −103,283 18,316

Where: AMMT = Annual mean maximum temperature.
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3.2. Calculation of the Economic Value of Seed Storage for the 2018 to 2050 Period
Total Collection Costs per Accession (TCCA)

In the FESI-SB, the unit cost of collection, preparation, and storage of the seed acces-
sions follow the guidelines expressed in the Kameswara et al. [33] manual. In the FESI-SB
there are two collection cost values (one for the northern and southern regions and another
one for the central zone). Thus, the different geographic distribution areas of the seeds
of the species collected in the country FESI-SB staff are summarized in Table 4. To obtain
precise estimations of the total costs (fixed costs plus variable costs), we followed the
recommendations of Ávila [34] and Brambila [35], who suggest that TC is equal to twice
the VC. Table 5 shows a summary of the TC for seed collection from populations of the four
species with the AMMT.

Table 4. Summary of the costs of collection for one accession in US Dollars.

Item Northern Region
(USD)

Central Region
(USD)

Southern Region
(USD)

(1) Field activities
Payment (salary) for collection (one person) 16.53 13.63 16.53

Salary for one researcher (team leader) during
collection 37.20 29.76 37.20

Food per person (three people) 33.07 26.56 33.07
Transportation to the northern region of the country

(three people) 41.33

Transportation to the central region of the country
(three people) 20.67

Transportation to the southern region of the country
(three people) 41.33

Airfare (three people) 86.81 0.00 86.81
Other (equipment and materials for the trip) 28.93 27.93 28.93

Subtotal (1) 243.88 118.55 243.88
(2) Permits and shipment of seeds

Local permits 12.40 10.42 12.40
Shipment of seeds 10.33 0.00 10.33

Subtotal (2) 22.73 10.42 22.73
TOTAL = (1) + (2) 266.61 128.97 266.61

Note: The quantity and quality of seed collected to obtain an accession will be done according to the manual
by Kameswara et al. [33]. Source: Generated by the authors using information from the working group at the
FESI-SB.

Table 5. Locations of seed collection of populations o the genus Pinus.

Genus Pinus State Region VC
(USD)

FC
(USD)

TC
(USD)

P. oocarpa Oaxaca Sur 266.61 266.61 533.22
Oaxaca Sur 266.61 266.61 533.22

P. rudis Jalisco Centro 128.97 128.97 257.94
Jalisco Centro 128.97 128.97 257.94

P. culmicola Nuevo León Norte 266.61 266.61 533.22
Nuevo León Norte 266.61 266.61 533.22

P. leiophylla Michoacán Centro 128.97 128.97 257.94
Michoacán Centro 128.97 128.97 257.94

Where: VC = variable cost; FC = fixed cost; TC = total cost. Source: Generated by the authors using information
from the working group at the FESI-SB.

If the seeds from the four species are collected and stored in an SB, the total costs (TC)
for their preparation and storage are shown in column 4 of Table 6. Salaries for cleaning
and maintenance make up 63% of the variable costs.
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Table 6. Annual cost for the treatment and storage of one accession in a SB.

Item VC
(USD)

FC
(USD)

TC
(USD)

(1) Sample treatment, viability and
germination tests

Seed cleaning (salary of a technician) 7.40 14.8 22.2
Disposable material 1.81 3.62 5.43

Equipment 0.18 0.36 0.54
Subtotal (1) 9.39 18.78 28.17
(2) Storage

Maintenance of storage freezer 5.44 10.88 16.32
Annual maintenance 1.09 2.18 3.27

Bags, jars, sealer, markers, etc./annual 1.81 3.62 5.43
Salary for one person to do that job annually 10.88 21.76 32.64

Annual maintenance of the drying room 0.27 0.54 0.81
Subtotal (2) 19.50 39 58.50

TOTAL = (1) + (2) 28.89 57.78 86.67
Where: VC = variable cost; FC = fixed cost; TC = total cost. Sources: Generated by the authors using information
from the storage and maintenance staff of the FESI-SB. Calculation of the storage yield rate (r) of one accession
under a seed scarcity scenario.

Several authors have studied the participation of the four study species in timber
production and their value (Table 7). In the National Forest and Soil Inventory (Inventario
Nacional Forestal and de Suelo) and the Forestry Statistics Yearbook [7], the two main
documents of forestry statistics in Mexico, the information is given at the genus level.
However, they estimate the percentage of timber production of the main forest species,
which make up 60% of the national market, as well as some other species. The average
percentages of timber production for the species included in this study are: P. oocarpa (7%);
P. rudis (6%); P. culminicola (2%); and P. leiophylla (4%). Together, they account for 19% of the
national timber production.

Table 7. Contribution of the four pine species to the national timber production of the genus Pinus
according to different authors.

Genus Pinus % Participation, Source

P. oocarpa 6%, [30]; 6%, [37]; 9%, [7]
P. rudis 4%, [38]; 8%, [12]; 6%, [37]; 6%, [7]

P. culminicola 2%, [39]
P. leiophylla 3%, [40]; 5%, [37]; 4%, [7]

Table 8 summarizes the possible timber production loss (millions of USD) due to the
reduction of the four forest species studied, under adverse climate change scenarios until
the year 2050, accordingly, we used the 1993–2016 time series [20] of the FPV to project.

Table 8. Forest production value of the genus Pinus and the study species under climate
change scenarios.

FPVt2050
(Million USD)

FPVp (19)2050
(Million USD)

Reduction in Surface
(%)

PPFse2050
(Million USD)

Severe Scenario Conservative
Scenario Severe Scenario Conservative

Scenario

881.14 167.41 52.87 40.20 88.50 67.16

Where: FPVt2050 = forest production value of the genus Pinus projected to the year 2050; FPVp
(19)2050 = participation in the forest production value of the study species projected to the year 2050;
PPFse2050 = losses due to average area of reduction of the study species under climate change scenarios. Fuente:
the authors.
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Figure 3 shows the projection model of FPV (solid line, growth rate 2.4%), by subtract-
ing the volume of the four forest species that will be affected (dotted lines, growth rate
1.84%), according to the climate change scenario.
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For seed storage in an SB to be profitable, it is important to consider the historical
inflation, the opportunity costs, and the adverse events. BANXICO [41] suggests that any
investment project should utilize a nominal interest rate at or above 7%. Table 9 summarizes
the value of the seeds from the collection points and stored in 2050 (SSV2050) (with an
interest rate of 8.84) (7% opportunity cost plus 1.8% due to scarcity).

Table 9. Value of seeds stored in the FESI-BS by the year 2050.

Genus Pinus
TCC TSC SSV2050

(USD) (USD) (USD)

P. oocarpa 1066.44 177.34 10,840
P. rudis 515.88 177.34 6042

P. culminicola 1066.44 177.34 10,840
P. leiophylla 515.88 177.34 6042

Where: TCC = total collection cost; TSC = total storage costs; SSV2050 = stored seed value in the year 2050.

4. Discussion

There is a similarity between the annual mean maximum temperature (AMMT)
found in this work of the four species and that reported by CONABIO [32]. Accord-
ing to CONABIO, the AMMTs for Pinus rudis, P. oocarpa, and P. leiophylla are 20 ◦C, 26 ◦C
and 30 ◦C, respectively, and for P. culminicola is 23 ◦C [42]. The little differences may be
due to the data collection. In this study, points of distribution of the species were taken
(approximately 1300), while CONABIO uses satellite images and polygons [32].

To determine the feasibility of the potential areas for collecting germplasm from the
forest species that are resistant to high temperatures, we have used the AMMT. Several
studies [43–45] consider that the mean annual temperature is one of the main indicators for
the genetic improvement of forest species. However, to improve the precision of geographic
coordinates, the method applied for the selection and definition of desired characteristics for
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forestry species resistant to climate change should include variables such as precipitation,
altitude, slope, and exposure [45–47]. In both cases, the collection costs would be the same.

Some authors, such as Castellano-Acuña et al. [47], have considered the mean annual tem-
perature as an indicator of the genetic improvement of P. leiophylla, while Sáenz-Romero et al. [5]
had used the potential distribution and collection of germplasm to carry out assisted migration in
P. oocarpa. In the case of P. culminicola, it coincides with that reported by García-Aranda et al. [42]
on the potential distribution of this species under adverse climate change scenarios in Galaena,
Nuevo León.

Although geographic information systems (GIS) are very helpful tools for identifying
potential collection areas, these must be complemented with validation in the field. This
study proposes that the collection zones should be complemented with research work
that includes field data to propose the viability of Forest Germplasm Production Units
(FGPU) [7] to guarantee the mass production of the superior genetic material of known
origin, and to carry out feasibility studies in terms of costs and benefits to establish seed
orchards from the germplasm of the FGPU. Due to the effects of climate change, these
forests as sources of local seeds will be increasingly difficult to regenerate [48]

With respect to the value of the seed, Hanemann [26] establishes that one of the
challenges of using the collection cost method is evaluating the externalities of a good
(SB). For example, it is important to identify the variables that are governed by the market
rules, and the main component of the evaluation process is the collection costs. In Mexico,
there are no studies on seed collection costs. However, there is a market for the sale of
seeds of some forest species (price quotes from TFSP and CONAFOR public servants)
with an average price of 42.51 (USD), compared to the calculation of 266.61 (USD) in the
northern and southern regions and 128.97 (USD) for the central region (see Table 4). These
two organizations have different objectives; while the TFSP and CONAFOR attempt to
minimize costs and maximize profits from seed collection and storage, the FESI-SB has the
goal of storing seeds for their conservation and research. On that subject, Mattana et al. [49]
consider that any investment in research and conservation of phytogenic resources in SBs
is minimal compared to the large benefits they provide.

Some authors (see Table 7) differ in their published figures of the national forest
production (NFP) and the contribution of each of the study species in percent terms.
Caballero [40] points out that this is one of the main problems in the equity accounts
of the genus Pinus, since the official data are not detailed at the species level. However,
CONAFOR-SEMARNAT [7] consider P. oocarpa among the species of the genus Pinus that
make up 60% of timber production. The 19% contribution of the four species is an economic
indicator of the NFP under adverse CC scenarios.

Given the predicted scarcity of the study species in the year 2050, losses of 88.5 million
(USD) and 67.16 million (USD) are predicted under the severe and conservative CC sce-
narios (see Table 6). The value of a lot of stored seeds of these species in the year 2050
must consider the following two aspects: (1) to be profitable, any investment project should
consider a nominal rate of investment of 7.0%, and (2) according to Brambila [24], the rate
to measure movement in NFP is the basic instrument, that allows the dynamic economic
analysis to compensate an investment’s losses or gains. In this sense, the investment rate
for storing a lot of seeds of any species studied should be 8.84%. By the year 2050, the value
of accession of any of the four species will be nearly 4000 (USD). This rate differs from the
one used by the United States government of 11% for investment in seed improvement
and storage of commercial forest seeds, which is one of the highest in the world [50].
According to the FAO [46], this (11%) is because the USA is one of the three countries that
dominate timber production worldwide. While FPV2050 served as the main instrument for
obtaining the investment rate due to scarcity, it gives an idea of the differences between the
total costs and benefits of conserving a resource: nearly 4000 (USD) vs. economic losses
due to resource scarcity of 88.5 million (USD) and 67.16 million (USD) under severe and
conservative CC scenarios, respectively.
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Based on the results of the conservation of seeds from populations of commercial
forest species, that are potentially resistant to climate change, valuable information will be
available for investment projects, valuation of opportunity costs, public policy building,
and as a reference for present and future research related to germination tests to determine
the cardinal temperatures of commercial forest species.

Concerning investment and opportunity costs, these could be estimated using a
“scarcity rate”, product of a “nominal base rate”. The assignation of public resources to the
storage of germplasm that is resistant to climate change scenarios will always be minimal,
even with the high investment rates used by BANXICO.

In this research, we estimate and analyze the costs of collecting and storing seeds from
four pine species by using a storage yield rate in a scarcity scenario. Future studies should
focus on obtaining the benefits of in situ and ex situ conservation of these species, as well
as determining their economic feasibility. Likewise, carry out studies of the profitability of
the forest lands that the owners could obtain for the conservation and commercialization
of germplasm of the species. Although the methodology has only been applied to four
species in this study, it can be applied to other vulnerable species or that may be favored by
climate change. For example, it has been observed that Cedrela odorata L. is a species that
can expand its natural distribution in the face of such changes [51], hence the importance
of estimating how these changes could affect the profitability of conservation.

5. Conclusions

It is possible to locate potential collection areas for populations of commercial forest
species that are better adapted to future climate change scenarios as a function of their
natural distribution by using the annual mean maximum temperature.

The investment rate for storage of accession of seeds from populations of the forest
species P. oocarpa, P. rudis, P. leiophylla and P. culminicola should be equal to or greater
than the 8.84% nominal interest rate. The total cost of conserving an accession from a
CC-resistant species until the year 2050 is nearly 4000 (USD).

The economic losses due to scarcity of P. oocarpa, P. rudis, P. leiophylla and P. culminicola
under possible CC scenarios could be up to 88.5 million (USD) and 67.16 million (USD)
under severe and conservative CC scenarios, respectively.

From the economic point of view, an ex situ SB is a medium and long-term investment,
among its benefits: establishing a market price for the use and conservation of species in
the face of possible adverse scenarios.

This research is important because of the methodological approach it proposes to
economically evaluate the storage and conservation of seeds under future CC scenarios.
The study approach can not only be applied to the forest species studied, but also to any
forest species or population that presents social, economic and environmental interest and
that is threatened or in danger of extinction due to CC, changes in the use of the earth, fires,
hurricanes, others. By identifying the spatial distribution of the species of interest based
on the AMMT, it is possible to identify those areas with a potential distribution where the
seeds of interest can be collected. However, to specify the collection areas, the methodology
should be expanded considering, in addition to the AMMT variables, precipitation, altitude,
slope and exposure.

Determining the value of germplasm collection and conservation can have different
benefits for the actors involved. For landowners who possess desirable germplasm, there is
an opportunity cost of conserving in situ, either through FGPU or seed orchards, on land
that maintains seed-producing forests and that they can now quantify, through this pro-
posed method, a real or added value of the non-timber forest resource. For the government,
it is responsible to conserve the natural heritage as a public good and have a policy with a
strategic vision, anticipating possible potential events. It should encourage institutions or
individuals to conserve either in situ or ex situ these forest species or others that have a
benefit, for what it represents in terms of cost benefits, higher profits. For society in general
and the environment, this is one of the few works that establish a methodology to evaluate
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ex situ conservation before the CC, for which it is an ethical responsibility to ensure natural
heritage for new generations and with it all the economic and environmental benefits that
this entails.

To continue this research, it is suggested to prioritize the importance of the species of
interest, determine which species of germplasm should be protected ex situ, which would
be those priority conservation areas (in situ) and which conservation strategies. Finally,
what would be the costs and benefits of collecting, storing and conserving for a long period.
In addition, in future research, it is recommended to use this same research pattern to
collect and value the seeds of those species that could be potentially at risk and that are
important from the economic, social and environmental point of view.

Author Contributions: Conceptualization: J.R.-Z., C.M.F.-O., M.d.J.G.-G. and P.D.D.-A.; methodol-
ogy: J.R.-Z. and M.d.J.G.-G.; software: J.R.-Z. and M.d.J.G.-G.; formal analysis: J.R.-Z., C.M.F.-O. and
M.d.J.G.-G.; investigation: J.R.-Z., C.M.F.-O. and M.d.J.G.-G.; resources: J.R.-Z., C.M.F.-O., M.d.J.G.-G.,
N.I.R.-A., T.U.; data curation: J.R.-Z.; writing—original draft preparation: J.R.-Z., C.M.F.-O., R.L.-S.,
T.U. and P.D.D.-A.; writing—review and editing: J.R.-Z., T.U. and P.D.D.-A.; visualization: J.R.-Z.
and C.M.F.-O.; project management: T.U. and P.D.D.-A.; funding acquisition, T.U. and P.D.D.-A. All
authors have read and agreed to the published version of the manuscript.

Funding: This study has been funded by the Garfield Weston Foundation, as part of the Global Tree
Seed Bank Project, led by the Royal Botanic Gardens, Kew.

Acknowledgments: We thank the Postdoctoral Fellowship Program at the UNAM, of the General
Direction of Academic Personnel Affairs. This study has been funded by the Garfield Weston
Foundation, as part of the Global Tree Seed Bank Project, led by the Royal Botanic Gardens, Kew.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Rzedowski, J. Vegetación de México; Comisión Nacional para el Conocimiento y Uso de la Biodiversidad (CONABIO): Mexico City,

Mexico, 2006; pp. 160–161.
2. Tellez, O.; Mattana, E.; Diazgranados, M.; Kühn, N.; Castillo-Lorenzo, E.; Lira, R.; Montes-Leyva, L.; Rodriguez, I.; Way, M.;

Dávila, P.; et al. Native trees of Mexico: Diversity, distribution, uses and conservation. PeerJ 2020, 8, e9898. [CrossRef] [PubMed]
3. CONAFOR-SEMARNAT (Comisión Nacional Forestal-Secretaria del Medio Ambiente and Recursos Naturales). Estado que Guarda

el Sector Forestal en México Bosques Para el Bienestar Social y Climático: El Manejo de los Recursos Genéticos Forestales; CONAFOR:
Guadalajara, Mexico, 2021; pp. 138–146.

4. Gómez-Mendoza, L.; Arriaga, L. Modeling the effect of climate change on the distribution of Oak and Pine Species of Mexico.
Conserv. Biol. 2007, 21, 1545–1555. [CrossRef] [PubMed]

5. Sáenz-Romero, C.; Viveros-Viveros, H.; Guzmán-Reyna, R. Altitudinal genetic variation among P. oocarpa populations in
Michoacán, western México. Preliminary results from a nursery test. For. Genet. 2004, 11, 341–349. [CrossRef]

6. Rodríguez, J.; de Jesús González Guillén, M.; Valtierra, E. Factores de éxito en las empresas forestales comunitarias: Un caso de
estudio. Soc. Ambiente 2021, 24, 1–29. [CrossRef]

7. CONAFOR-SEMARNAT (Comisión Nacional Forestal-Secretaria del Medio Ambiente and Recursos Naturales). Inventario
Nacional Forestal y de Suelo; CONAFOR-SEMARNAT: Ciudad de México, Mexico, 2019; pp. 245–269.

8. Rodríguez, J.; González, M.J.; Valtierra, E. Análisis estratégico de la cadena productiva forestal en la región de la Reserva de la
Biosfera de la Mariposa Monarca. Madera Bosques 2018, 24, 20–36. [CrossRef]

9. Moctezuma, G.; Flores, A. Importancia económica del pino (Pinnus spp.) como recurso natural en México. Rev. Mex. Cienc. For.
2020, 60, 160–185. [CrossRef]

10. Mas, J.F.; Puig, H.; Palacio, J.L.; Sosa-López, A. Modelling deforestation using GIS and artificial neural networks. Environ. Model
Softw. 2004, 19, 461–471. [CrossRef]

11. Ramírez-Herera, M.T.; Cundy, A.B.; Kostoglodov, V.; Ortiz, M. Late Holocene tectonic land-level changes and tsunamis at Mitla
lagoon, Guerrero, Mexico. Geofísica Int. 2009, 48, 195–209. [CrossRef]

12. Guitérrez, E.; Trejo, I. Efecto del cambio climático en la distribución potencial de cinco especies arbóreas de bosque templado en
México. Rev. Mex. Biodivers. 2014, 85, 179–188. [CrossRef]

13. Jasso, M.J.; Vargas, J.H.; Velázquez, A.M. Las vedas y la conservación de los recursos forestales. In Memoria de la Mesa Redonda
Sobre Impactos de las Vedas en la Conservación y Recuperación de los Recursos Forestales; Fierros, A.M., y Torres, J.M., Eds.; Asociación
Mexicana de Profesionistas Forestales: México, Mexico, 1991; pp. 56–71.

14. Burley, J.; Namkoong, G. Conservation of Forest Genetic Resources. In Proceedings of the Eleventh Commonwealth Forestry
Conference, Port-of-Spain, Trinidad and Tobago, 8–26 September 1980; 25p.

http://doi.org/10.7717/peerj.9898
http://www.ncbi.nlm.nih.gov/pubmed/32999763
http://doi.org/10.1111/j.1523-1739.2007.00814.x
http://www.ncbi.nlm.nih.gov/pubmed/18173478
http://doi.org/10.1016/j.foreco.2006.04.014
http://doi.org/10.31840/sya.vi24.2331
http://doi.org/10.21829/myb.2018.2411404
http://doi.org/10.29298/rmcf.v11i60.720
http://doi.org/10.1016/S1364-8152(03)00161-0
http://doi.org/10.22201/igeof.00167169p.2009.48.2.2137
http://doi.org/10.7550/rmb.37737


Forests 2022, 13, 539 13 of 14

15. Espinosa, T.; Gámez, A.J.; Avila, M.A.; Palemón, F.; Hernández, J. Distribución geográfica potencial de papaya silvestre cultivada
en México. Rev. Mex. Cienc. Agrícolas 2018, 9, 1377–1388. [CrossRef]

16. Rodríguez-Arévalo, I.; Mattana, E.; García, L.; Liu, U.; Lira, R.; Dávila, P.; Hudson, A.; Pritchard, H.W.; Ulian, T. Conserving seeds
of useful wild plants in Mexico: Main issues and recommendations. Genet. Resour. Crop Evol. 2017, 64, 1141–1190. [CrossRef]

17. White, T.L.; Adams, W.T.; Neale, D.B. Forest Genetics; CABI Publishing: Cambridge, MA, USA, 2007; 682p.
18. De-Zhu, L.; Hug, W.P. The science and economics of ex situ plant conservation. Trends Plant Sci. 2009, 14, 614–621. [CrossRef]
19. Dullo, M.E.; Hunter, D.; Borelli, T. Ex situ and in situ conservation of agricultural biodiversity: Mayor advances and research

needs. Not. Bot. Hort. Agrobot. Cluj 2010, 38, 123–135.
20. Parmesan, C. Ecological and evolutionary response to recent climatic change. Annu. Rev. Ecol. Syst. 2006, 37, 637–669. [CrossRef]
21. Muñoz, V.; González, M. Economía, Sociedad y Medio Ambiente: Reflexiones y Avances Hacía un Desarrollo Sustentable en México;

SEMARNAT: Mexico City, Mexico, 2000; p. 1500.
22. Hussein, M. Principles of Environmental Economics, 2nd ed.; Routledge: New York, NY, USA, 2000; pp. 142–172, ISBN 0-203-57050-2.
23. Ibarrarán, V.; Islas, I.; Mayett, E. Valoración económica del impacto ambiental del manejo de residuos sólidos municipales:

Estudio de caso. Gac. Ecológica 2003, 67, 69–82.
24. Camacho, M.I. Impacto Económico de la Investigación en Café en Colombia: El caso de la Variedad Colombia; Centro de Estudios Sobre

Desarrollo Económico, Universidad de los Andes: Bogotá, Colombia, 1999; p. 31. Available online: http://hdl.handle.net/1992/4
0972 (accessed on 23 June 2019).

25. Urpí, J.M.; Echeverría, J.C. Palmito de Pejibaye. Su Cultivo e Industrialización, 1st ed.; Universidad de Costa Rica: San José, Costa
Rica, 1999; pp. 165–172.

26. Hanemann, M.W. Valuing the environment through contingent valuation. J. Econ. Perspect. 1994, 8, 19–43. [CrossRef]
27. Brambila, P. En el Umbral de una Agricultura Nueva; Universidad Autónoma Chapingo-Colegio de Postgraduados: Texcoco, Mexico,

2006; pp. 24–25.
28. Iglesias, D. Costos Económicos por la generación and manejo de residuos sólidos en el municipio de Toluca. Estado México

Equilibrio Económico 2007, 3, 131–148.
29. Astudillo-Sánchez, C.; Villanueva-Díaz, J.; Endara-Agramont, A.; Nava-Bernal, G.; Gómez-Albores, M.A. Influencia clímatica

en el reclutamiento de Pinus hartwegii Lindl. del ecotono bosque-pastizal alpino en Monte Tláloc, México. Agriciencias 2017, 51,
123–134.

30. SMN (Servicio Metereológico Nacional). Available online: https://smn.conagua.gob.mx/es/climatologia/pronostico-climatico/
temperatura-form (accessed on 22 May 2019).

31. Perry, J. The Pines of Mexico and Central America; Timber Press: Portland, OR, USA, 1991; pp. 88–120, ISBN 9780881921748.
32. National Commission for the Use and Knowledge of Biodiversity (CONABIO). Available online: http://www.conabio.gob.mx

(accessed on 13 May 2019).
33. Kameswara, N.; Hanson, J.; Ehsan, M.; Ghosh, K.; Nowell, D.; Larinde, M. Manual Para el Manejo de Semillas en Bancos de

Germoplasma; Organización de las Naciones Unidas para la Alimentación and la Agricultura (FAO): Roma, Italy, 2007; pp. 1–91.
34. Ávila, J.J. Economía; Umbral Editorial, S.A. de C.V.: Zapopan, Mexico, 2003; pp. 32–38, ISBN 970-93191-2-4.
35. de Jesús Brambila Paz, J. Bioeconomía: Instrumentos Para Análisis Económico; Sagarpa-Colpos: Estado de México, Mexico, 2006;

pp. 36–47, ISBN 978-607-7668-05-3.
36. López, A.; Plácido, S.; Perales, A. Análisis de la producción forestal de México (1994–2012). Ecodigma 2015, 20, 113–129.
37. SEMARNAT. Anuario Estadístico de la Producción Forestal. Available online: http://dsiapp.sdev.semarnat.gob.mx/datos/

portal/publicaciones/2020/2017.pdf (accessed on 28 November 2021).
38. Magaña, T.; Torres, J.M.; Rodríguez, C.; Aguirre, H.; Fierros, A. Prediction of Pinus rudis Endl. production and yield in Aloapan,

Oaxaca. Madera Bosques 2008, 14, 5–19. [CrossRef]
39. Huxel, G.; Hastings, A. Habitat loss, fragmentation and restoration. Restor. Ecol. 1999, 7, 309–315. [CrossRef]
40. Caballero, M. Tendencia histórica de la producción maderable en el México contemporáneo. Rev. Mex. Cienc. For. 2017, 8, 4–26.
41. BANXICO (Banco de México). Certificados de la Tesorería de la Federación. Available online: www.banxico.org.mx (accessed on

15 January 2020).
42. García-Aranda, M.A.; Méndez-Gozález, J.; Hernández-Arizmendi, Y. Distribución potencial de Pinus cembroides, P. nelsonii and

Pinus culminícola en el noroeste de México. Ecosistemas Recur. Agropecu. 2018, 5, 3–13. [CrossRef]
43. Leal-Nares, O.; Mendoza, M.; Pérez-Salicrup, D.; Geneletti, D.; López-Granados, E.; Carranza, E. Distribución potencial del

Pinus martinezzii: Un modelo espacial basado en conocimiento ecológico and análisis multicriterio. Rev. Mex. Biodivers. 2012, 83,
1152–1170. [CrossRef]

44. Macias, R.; Pineda, M.; Giménez, J.; Aguirre, L.; Delgadillo, J. Clasificación bioclimática de la vertiente del pacífico mexicano and
su relación con la vegetación potencial. Acta Botánica Mex. 2014, 109, 113–165.

45. FAO (Organización de las Naciones Unidas para la Alimentación and la Agricultura). Mejoramiento Genético Forestal. 2018.
Available online: http://www.fao.org/fileadmin/user_upload/training_material/docs/Mejoramiento%20Genetico%20Forestal.
pdf (accessed on 23 January 2021).

http://doi.org/10.29312/remexca.v9i7.550
http://doi.org/10.1007/s10722-016-0427-7
http://doi.org/10.1016/j.tplants.2009.09.005
http://doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://hdl.handle.net/1992/40972
http://hdl.handle.net/1992/40972
http://doi.org/10.1257/jep.8.4.19
https://smn.conagua.gob.mx/es/climatologia/pronostico-climatico/temperatura-form
https://smn.conagua.gob.mx/es/climatologia/pronostico-climatico/temperatura-form
http://www.conabio.gob.mx
http://dsiapp.sdev.semarnat.gob.mx/datos/portal/publicaciones/2020/2017.pdf
http://dsiapp.sdev.semarnat.gob.mx/datos/portal/publicaciones/2020/2017.pdf
http://doi.org/10.21829/myb.2008.1411214
http://doi.org/10.1046/j.1526-100X.1999.72024.x
www.banxico.org.mx
http://doi.org/10.19136/era.a5n13.1396
http://doi.org/10.7550/rmb.27199
http://www.fao.org/fileadmin/user_upload/training_material/docs/Mejoramiento%20Genetico%20Forestal.pdf
http://www.fao.org/fileadmin/user_upload/training_material/docs/Mejoramiento%20Genetico%20Forestal.pdf


Forests 2022, 13, 539 14 of 14

46. FAO-CONAFOR (Organización de las Naciones Unidas para la Alimentación and la Agricultura-Comisión Nacional Forestal).
Situación de los Recursos Genéticos Forestales en México: Informe Final del Proyecto. Available online: http://www.conafor.gob.
mx:8080/documentos/docs/7/3296Situaci%C3%B3n%20de%20los%20Recursos%20Gen%C3%A9ticos%20.pdf (accessed on 7
February 2019).

47. Castellano-Acuña, D.; Sáenz-Romo, C.; Linding-Cisnero, R.A.; Sánchez-Vargas, N.M.; Lobbit, P.; Montero-Castro, J.C. Altitudinal
variation among species and provenance of Pinus pseudostrobus, P. devoniana and P. leiphylla. Nursery test. Rev. Chapingo ser.
Cienc. For. Ambient 2013, 19, 31–54.

48. Méndez-Neri, M.; Ramírez-Herrera, C.; Vargas-Herández, J.J.; Martínez-Trinidad, T.; López-Upton, J.; Antonio-López, P. Genetic
Diversity at two seed orchards of Pinus patula SCHIED ex SCHLTD. et CHAM. Rev. Fitotec Mex. 2020, 43, 113–119.

49. Mattana, E.; Ulian, T.; Pritchard, H.W. Seed as natural capital. Trends Plant Sci. 2021, 27, 139–146. [CrossRef]
50. Reid, W.V. Bioprospecting: A force for sustainable development. Environ. Sci. Technol. 1999, 27, 1730–1732.
51. Sampayo-Maldonado, S.; Ordoñez-Salanueva, C.A.; Mattana, E.; Ulian, T.; Way, M.; Castillo-Lorenzo, E.; Dávila-Aranda, P.D.;

Lira-Saade, R.; Téllez-Valdéz, O.; Rodriguez-Arevalo, N.I.; et al. Thermal Time and Cardinal Temperatures for Germination of
Cedrela odorata L. Forests 2019, 10, 841. [CrossRef]

http://www.conafor.gob.mx:8080/documentos/docs/7/3296Situaci%C3%B3n%20de%20los%20Recursos%20Gen%C3%A9ticos%20.pdf
http://www.conafor.gob.mx:8080/documentos/docs/7/3296Situaci%C3%B3n%20de%20los%20Recursos%20Gen%C3%A9ticos%20.pdf
http://doi.org/10.1016/j.tplants.2021.08.008
http://doi.org/10.3390/f10100841

	Introduction 
	Materials and Methods 
	Identification of Potential Seed Collection Areas from Population Adapted to More Extreme Climatic Conditions 
	Calculation of the Economic Value of Seed Storage for the Period 2018–2050 
	Total Collection Costs per Accession (TCCA) 
	Calculation of the Storage Yield Rate (r) of an Accession under a Seed Scarcity Scenario 
	Stored Seed Value in the Year 2050 (SSV2050) 


	Results 
	Identification of Potential Seed Collection Areas from Species Adapted to More Extreme Climate Zones 
	Calculation of the Economic Value of Seed Storage for the 2018 to 2050 Period 

	Discussion 
	Conclusions 
	References

