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Abstract: As afforestation programs of former farmlands take hold in Taiwan to achieve a
variety of ecological and socio-economic values, it is becoming necessary to define best
forest management. Hence, we simulated mixed stands of Cinnamomum camphora and
Fraxinus griffithii planted through a gradient of soil fertility and varying camphor/ash
density ratios, but maintaining a fixed total stand density of 1500 trees ha−1. Total stand
productivity was slightly lower in mixed stands than the combination of both monocultures
in rich and poor sites. Maximum negative yield surpluses for 50-year old stands were
7 Mg ha−1 and 6 Mg ha−1 for rich and poor sites with a 1:1 camphor laurel/ash ratios.
Maximum stand woody biomass in rich sites was reached in camphor laurel monocultures
(120 Mg ha−1) and in poor sites for Himalayan ash monocultures (58 Mg ha−1). However,
for medium-quality sites, a small yield surplus (11 Mg ha−1) was estimated coinciding with
a maximum stand woody biomass of 95 Mg ha−1 for a 1:1 camphor laurel/ash density ratio.
From an ecological resilience point of view, rotation length was more important than stand
composition. Long rotations (100 years) could improve soil conditions in poor sites. In rich
sites, short rotations (50 years) should be avoided to reduce risks or fertility loss.
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1. Introduction
1.1. Background
The current trends of economic globalization and ageing population have an enormous impact on
land use and have raised social-ecological problems in many countries around the world [1,2].
Changes in human population numbers and types of settlements have been directly linked to a decrease
in forest land [3]. Rural population aging and urbanization is traditionally followed by abandonment of
farmlands, Europe being the most striking example [4]. On the other hand, human population
expansion and colonization still is causing important forest area losses in many tropical countries [5].
However, among tropical countries, the case of Taiwan is probably unique, as rather than dealing with
an expansion of croplands and increased pressure on forests, its economic development is causing
changes in the rural environment that mimic those of regions developed earlier in the 20th century,
such as Europe or Japan. In Taiwan, the total agricultural land has decreased from 9200 km2 in the
middle of the 1970s to 8000 km2 in 2012, a notable change in this small island country that has a total
area of only 36,000 km2. The diminishing of agricultural land correlates well with the aging of the
population, since old farmers gradually retire from farming and the newer generations have no interest
in the labor-intensive work of agriculture [6]. The ageing index (the ratio of old age population
(aged > 65) to young population (aged < 15)) of Taiwan was 5.9 one year after the end of World War
II and stayed unchanged until 1960. From 1970 to the present, the tendency of population aging has
kept its steady path, with an annual increasing rate of the aging index of ca. 6%, which resulted in an
aging index of 80.5 in 2013. Such a combination with a tropical developed economy makes Taiwan an
ideal model for what may be expected from other tropical countries, whose economies are currently
developing at accelerating speeds, such as Brazil, Colombia, Indonesia, Malaysia, India and the
tropical portions of China, among others.
To promote the use of the farmlands that have been left uncultivated, the Taiwanese Ministry of
Agriculture issued the “Plain Landscape Afforestation Program (PLAP)” policy in 2002, through
which the afforestation on the farmlands will be encouraged by a 20-year subsidy [7,8]. This is the first
time since the arrival of civilization to Taiwan that large areas of the island’s plain region are being
subjected to afforestation management and marks a change from colonization to restoration policies
that are being encouraged for implementation in other tropical countries [5]. Among others, the
Taiwan Sugar Corporation (TSC) is the largest land owner joining this plantation program, because
90% of its sugarcane production has been ceased due to increasing international competition. In 2002,
the company started to plant trees according to the guidelines of the PLAP policy and has about
12,000 ha planted nowadays.
The Taiwanese Ministry of Agriculture’s Afforestation guidelines give land owners the freedom to
choose the species to be planted from a list that includes 30 endemic broad-leaved tree species.
According to the guidelines, the density of the plantation must be maintained, and regular management
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practices, including understory vegetation control, must be performed for the first 20 years after plantation
establishment. Whether or not the new forest stands should be planted as mono- or mixed-species
stands is not required by the government. As a result, all TSC’s plantations are single-species forests,
although the stands of different species are interlaced, forming a mosaic landscape.
1.2. Restoring the Resilience of Reforested Areas
After a decade of the execution of the plain afforestation policy, debate on the ultimate use of such
plantations has become intensive, because what stakeholders expect from the outcomes of the
plantations is rather diverse. The Taiwanese government forestry agency sees the increase in
biodiversity through the increased habitat diversity in the plantations as the main ecosystem service
that the plain afforestation program should provide. Increased forest area in the lowland region will
also increase its value for carbon sequestration, ecotourism and scenic services. However, land owners,
such as the Taiwan Sugar Cooperation, want to profit from selling forest products, such as timber,
small trees for gardening, etc. Such a conflict of interest and expected values indicate the need for a
multi-value approach to sustainable forest management at these sites [9], which is also supported by
the growing environmental awareness of the public.
For forest management to be able to deliver such a broad range of ecosystem services, it is
necessary to move towards adaptive forest management [10]. In adaptive forest management, it is
important to maintain the ability of an ecosystem to return to its normal status after the system has
been hit by a disturbance. Such an ability is a measure of ecosystem resilience [11,12]. Forest
ecosystems of high resilience should therefore be an important management goal, especially for the
regions prone to frequent natural disturbances, like typhoons. Among other ecological indicators of the
ecosystem state, soil organic matter (SOM) is an important nutrient pool that supports the regeneration
of a stand after disturbances and, therefore, could serve as an indicator of system resilience [13].
One key question that needs to be addressed when planning new plantations is to obtain estimations
of stand productivity. A higher net primary productivity of a forest ecosystem provides not only energy
and nutrients for the higher trophic layers of the system, but also increases the nutrient/carbon stocks in
the plant biomass, which can increase ecosystem resilience to disturbances [14]. Mixed tree forests
have commonly been reported as more productive than monocultures, as growth resources are used
more thoroughly [15]. Many field experiments have tried to compare the productivity between
multi- and mono-species plantations in different biomes, ranging from tropical to temperate and to
boreal regions [16]. These results generally indicate an over-yielding of the stands with multiple
planted tree species compared to the monocultures of the same species. However, such an
over-yielding effect depends on the differences between the realized ecological niches of each species
and how symmetrical their competitive growth strategies are [17].
When sustainable use of farmland is an issue for a country, how to practice afforestation in a
reasonable way becomes a scientific question that needs thorough species-specific studies. In this
study, we seek to assess the ecosystem functions of plantations consisting either of single-tree species
(camphor laurel (Cinnamomum camphora (L.) J. Presl) or Himalayan ash (Fraxinus griffithii C.B. Clarke))
or of mixtures of these two species. Both species are native to Taiwan and had a wide distribution in the
lowland region before the start of human cultivation. In the plain afforestation guidelines, these two
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species are recommended to be planted in farmlands for timber harvesting or for landscaping. In the
plain afforestation area of the Taiwan Sugar Corporation in Hualien County (eastern Taiwan), on
which this study is focused, the total afforestation area of camphor laurel and Himalayan ash is 121 ha
and 591 ha, respectively. All of these stands are monocultures with a size of 0.5 to 15 ha.
Ideally, long-term field trial plots are the most suitable way to assess the potential for over-yielding
in mixed forests. However, long-term research and field data on camphor laurel-Himalayan ash
mixtures are not available. Given the long time scales needed to gather such data, a viable proxy is the
use of ecosystem-level models that account for the key ecosystem processes that are involved in tree
growth [9]. To be useful for research on mixed stands, such models need to take into account three
main ecological processes involving multiple species: competition for resources, competitive reduction
and facilitation [18].
A large number of forest models have been developed over the last 40 years, although in the latest
few years, the hybrid models combining field data and process simulation are becoming increasingly
popular (see [9,19] for detailed reviews). Among them, the model FORECAST [20] stands out, as it
has been used as a management evaluation tool in many types of forest ecosystems around the
world [21–27], including tropical and sub-tropical forests [28–33]. The model is specially designed to
examine the impacts of different management strategies at the ecosystem level, accounting for
resource competition (intra- and inter-specific) when several species (trees and understory) are present
in the same stand, including natural and planted mixedwoods [34,35].
We used a modeling approach in this study, taking the advantage of its flexible way of scenario
simulation, which would provide land owners with a glance at the best suitable management strategy
(depending on their interests): a strategy of emergent value, but unfortunately still lacking in Taiwan.
We hypothesized that the mixed plantation of the two tree species, camphor laurel and Himalayan ash,
will yield a higher value of ecosystem services (particularly biomass and productivity) than the
single-species stands of each of the two species. In short, the objectives of this study were: (1) to
establish a stand-growth database for the two species from the literature; (2) to estimate the growth and
compare the outcomes of stands with different stand density ratios of the two species by running the
ecosystem-level forest growth model FORECAST; and (3) to evaluate the ecological sustainability and
mixed stands’ resiliency when under different management scenarios.
2. Experimental Section
2.1. Study Species
Camphor laurel (Cinnamomum camphora (L.) J. Presl) is naturally distributed throughout the
subtropical regions of southern China in the provinces of Jiangxi, Guangdong, Guangxi, Hunan,
Hubei, Yunnan, Zhejiang, Fujian and Hainan, as well as Korea, Vietnam, Japan (including the Ryukyu
Islands) and Taiwan [36,37]. The natural habitats in which it is found include subtropical forests in
southern China and in Japan, light-open pine woods of Pinus merkusii and rarely as a tall tree in
broad-leaved evergreen forest [38]. Camphor laurel belongs to the Lauraceae family. According to
Liao [36], two varieties are now recognized in Taiwan, according to the presence of bark knobs on the
trunk in the var. nominale and an absence of knobs in the var. camphora. In Taiwan, var. camphora is
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found at low elevations in the north and south, while the var. nominale is endemic to Taiwan,
occurring in scattered locations in the east and south of the island.
Camphor laurel is a large, robust evergreen tree that is capable of exceeding a height of 40 m and a
girth of 22 m in southern Japan [39]. These are old-growth trees (>150 years old, but they can live up
to 1000 years) exhibiting signs of upper limb die-back, limb hollows and basal decay. In Taiwan, this
species is confined to the lowlands, where it reaches 1200 m.a.s.l. in the north and 1800 m in the south,
identifying its response to the altitudinal and latitudinal temperature gradient.
Himalayan ash (Fraxinus griffithii C. B. Clarke) is a small tree of the Oleaceae family usually
growing less than 20 m tall, and unlike most other ash trees, it does not lose its leaves during winter
(i.e., it is evergreen). Himalayan ash is native to the Indian sub-continent, China and Southeastern Asia
and is a timber tree in Taiwan. It can be found in dry slopes, forest margins, near villages and by
rivers; from 100 to 2000 m.a.s.l in southern China (Fujian, Guangdong, Guangxi, Hainan, Hubei and
Hunan) and Taiwan. It can also be found in Bangladesh, India, Indonesia, Japan (Ryukyu Islands),
Myanmar, the Philippines and Vietnam.
2.2. The FORECAST Model
FORECAST is a management-oriented, deterministic, stand-level forest growth and ecosystem
dynamics simulator that operates at annual time steps. The model simulates the dynamics of all forest
carbon stocks required under the Kyoto Protocol (aboveground biomass, belowground biomass, litter,
dead wood and soil organic carbon). It complies with the carbon estimation methods outlined by the
IPCC [40]. The model uses a hybrid approach to vegetation growth modeling, as it merges the use of
empirical data (i.e., growth and yield tables, among others, see below) modified by the simulation of
the most important ecological processes [41]. This hybrid approach assumes that the best predictor of
vegetation growth for a site with a given combination of climate and nutrient limitation is the observed
growth itself. In other words, vegetation productivity for a given site depends on the combination of
climatic, topographic and edaphic features of that site. Therefore, observed vegetation productivity is a
variable that implicitly has already taken climate into account. This approach, combined with the
annual time step, reduces the need for meteorological or climate input, which are not used as input
variables in FORECAST. A detailed discussion of this approach and the full model has been described
before [9,20,42], and therefore, only a summary of the main driving function to calculate tree growth is
provided here.
The model uses a mass balance approach to estimate how nutrients circulate in the ecosystem, how
different tree and plant species compete for light and nutrients and how nutrient availability limits tree
and plant growth together with available light in the canopy. Detailed descriptions of decomposition,
tree uptake and biogeochemical cycles can be found in Kimmins, Mailly and Seely [20]. FORECAST
has three application stages: (1) assembling calibration data and generating historical rates of key
ecosystem processes; (2) model initialization by establishing the ecosystem condition for the beginning
of a simulation run; and (3) simulation of tree and plant growth. A detailed explanation of how the
model operates and the calibration data used for this application can be found in the Supplementary
Information file companion to this manuscript.
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2.3. Mixed Plantations Scenarios
To explore the effects of different mixing densities on ecosystem productivity and interspecific
competition, we created six different scenarios. Maintaining total stand density fixed at
1500 stems ha−1 (as defined in the afforestation guidelines for the region), we simulated different
species composition by incrementing and decrementing each species densities by 200 trees per hectare
for camphor laurel and Himalayan ash, from no presence (0 trees ha−1) to monoculture
(1500 trees ha−1). Through practical experience with monocultures, local foresters have found that this
stand density maximizes tree productivity with the lowest human intervention effort. Higher densities
would result in increased inter-tree competition needing thinning to avoid productivity losses, whereas
lower densities would result in increased understory biomass and high competition with trees. We
repeated these scenarios for three different site qualities: 17, 21 and 27, corresponding to low fertile or
poor sites, medium fertile and high fertile or rich sites (measured as the site index or dominant tree
height at a plantation age of 50 years). Simulations lasted for 200 years with three different rotation
lengths: 50, 65 and 100 years. At the end of each rotation, the harvest of the aboveground biomass was
simulated by removing 95% of the stem, 90% of the branches and 90% of the foliage from the site.
The rest of the biomass was left on site as litter input. For the rotation schemes of 50 and 100 years, the
number of rotations were 4 and 2, respectively, while for the 65-year rotation scheme, 3 rotations were
simulated, and the simulation ended at 185 years. The target variables in this study were total stand
NPP (Net Primary Production), total stand biomass, total soil organic matter and available soil N.
2.4. Measuring Facilitation or Competition in Mixed Plantations
When the harvest and commercial use of trees is the purpose of afforestation, the forest
management will aim at maximizing the quantity of aboveground biomass, especially the stem and
branch biomass. Therefore, the use yield surplus (YS) (Mg ha−1) or over-yield concept can be defined as:
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Again, the “neutral value” of the aboveground woody tissue biomass is defined as the proportion of
the biomass in monoculture, where the proportion is equal to the ratio of planting density in the mixed
stand (i for Cinnamomum camphora and 1500-i for Fraxinus griffithii) to that in monoculture
(1500 trees ha−1). An RY value of higher than 100% means that the tree species grows more
harvestable aboveground wood than would be expected from the proportion of the biomass from
monoculture. On the contrary, when the growth of tree species is suppressed by the other species in the
mixed stand, an RY value lower than 100% will be derived.
3. Results and Discussion
3.1. Model Performance
We estimated total tree biomass at year 100 (Figure 1) ranging from 50.1 to 151.3 Mg ha−1 for the
poor and rich sites, respectively, being 94.5 Mg ha−1 for the medium site. This is very similar to the
reported biomass of pure camphor laurel plantations in China and Taiwan in the range of
92.52–111.08 Mg ha−1 [43,44]. Average productivity in camphor laurel monocultures at the poor site
was 9.69 Mg ha−1 y−1, very similar to values reported before [45] (9.55 Mg ha−1 y−1). For Himalayan
ash mature plantations in Taiwan, [46] estimated total biomass ranging from 163 to 199 Mg ha−1. Our
simulations of pure ash stands ranged from 77.9 to 155.8 Mg ha−1 (poor and rich sites, respectively).
The lower simulated biomass was likely due to the lower density simulated than the one reported
by [46] (1500 vs. ~2500 trees ha−1, respectively).
For mixed camphor laurel-Himalayan ash stands, no empirical data have been found, as this
potential management option is just now being explored. Therefore, direct detailed validation of model
predictions vs. field data was not possible. Previous applications of FORECAST have shown a general
acceptable performance when simulating different forest types around the world: boreal [34],
sub-boreal [47], temperate [26], Mediterranean [48] and tropical [29,30]. In China, it has shown good
performance in sub-alpine forests [49], but more importantly, the model performed well in subtropical
areas of eastern China, which share many of the ecological and floristic features of the Taiwanese site.
Acceptable model performance at these sites has been reported for the simulation of both
monocultures [28,31,49] and mixed stands, including Lauraceae tree species [35].
For understory simulation, field data usable for model validation are also scarce. Understory was
the weakest component of the model calibration, which traditionally has received less attention than
the trees. Only scarce and disperse documentation is available for understory biomass in mature forests
at these sites, which also have a high variability of understory cover. Therefore, calibrating the
understory component comprised a large degree of uncertainty, and evaluating model performance
against independent data was not possible. Such an issue, however, should be of minor importance, as
understory only accounted for a small proportion of total stand biomass and productivity (Figure 1).
3.2. Interspecific Competition and Facilitation Processes
The ultimate ecosystem services that human society could receive from nature are limited by the
productivity of the primary producers in the ecosystems. When timber production is the primary
objective of management, there is a clear tendency to favor monocultures of the most productive
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species. This is mainly because of the simpler management of monocultures (easier and less expensive
establishment, planning and marketing), but also, though no less important, because less is known
about planted mixed stands, the interactions between species and the most suitable management
techniques [50]. In contrast, when mixed-species stands are favored, the objectives usually include
wildlife conservation, aesthetics, resistance to wind damage, risk reduction or compensatory growth
and protection from disease and insect outbreaks. In Taiwan, afforestation has been done mostly with
monocultures due to its simplicity, but little is known about the additional potential benefits from
mixed plantations. Our simulations indicate that site fertility (the major determinant of site quality)
was the main variable determining the response of stand productivity to mixed camphor laurel-Himalayan
ash plantations.
For the medium site quality, the accumulated net primary production within a complete rotation
period of 100 years had the highest value of 1444 Mg ha−1 with the planting scheme of 200 camphor
laurel trees ha−1–1300 ash trees ha−1 (Figure 1b). Different mixing scenarios resulted in a difference in
accumulated NPP as big as 63 Mg ha−1. The monoculture of camphor laurel delivered the lowest
accumulated stand NPP (trees plus understory) within this 100-year period of growth. The discrepancy
between mixing scenarios in annual NPP steadily grew with stand aging. Shortly before the harvest at
year 100, the annual NPP of the camphor laurel stand was 16.0 Mg ha−1 y−1, which was 15% lower
than that in the 400 camphor–1100 ash trees ha−1 mixed stand.
For the rich site quality, accumulated NPP showed a different picture, not only with a significantly
higher average value than for the medium site, but also the camphor laurel monoculture provided the
highest NPP compared to other mixing ratios (Figure 1a). On the contrary, the Himalayan ash
monoculture was more productive than other mixing scenarios, when they were planted in poor sites
with less favorable growth conditions (Figure 1c).
Understory vegetation can be an important part of the stand productivity and become a competitor
with trees for growth resources, similarly to previous studies in plantations in sub-tropical China [28],
understory vegetation may contribute up to 40% of total annual stand NPP within the first 10 years of
afforestation, when the trees were small and light could reach the forest floor. In most situations, the
contribution of understory vegetation to annual NPP dropped to less than 10% after year 15 in the rich
and medium sites and after 40–50 years in the poor sites. Taking the 100-year period as a whole, in
rich and medium sites, the understory vegetation added only 1%–3% to the total accumulated NPP,
while in poor sites, it could account for 8%–10% (Figure 1).
Our results are opposed to the theory of [15] that in low-fertility sites where mixed stands reach
their maximum over-yield compared to pure stands. Kelty’s generalized hypothesis has also not been
supported by results from other tropical forests [35,51]. Instead, our results indicate that the more
recent hypothesis by [17], relating differences in the productivity of mixed stands compared to
monocultures as dependent on the differentiation of the fundamental niche of the species used in the
admixtures. In fact, our estimated yield surpluses (positive and negative) are generally small,
especially compared to reports from other sub-tropical and tropical mixed forests [15,18,52,53]. One
reason for such a difference is that in the cited works, N-fixing species were used in the mixtures,
which was not the case in our simulations.
Another reason for the lack of an important over-yielding effect at the stand level in our simulations
is the effect of a productivity increase in one species being compensated by a productivity decrease in
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the companion species (Figure 2). Neutral mixture effects or reduced productivity largely include
species mixtures comprising light-demanding species [54] or mixtures with permanent asymmetrical
competition. This is similar to our simulated stands, composed of two light-demanding species [55]
with very different life spans.
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Planting density of Cinnamomum (trees ha-1)
Figure 1. Accumulated stand (trees + understory) net primary production at final rotation
(100 years) time for the sites of (a) rich; (b) medium and (c) poor quality.
To have a detailed view of the relative contribution of the two tree species on total aboveground
biomass, snapshots of the stands at year 50 are shown in Figure 2. Camphor laurel benefitted from
the mixing with Himalayan ash when growing in any site quality, whereas Himalayan ash only benefited
from the presence of camphor laurel for medium sites. The relative yield of Cinnamomum camphora
in the 200–1300 ha−1 mixture of Cinnamomum camphora-Fraxinus griffithii was 189% and 157%
for the rich and poor sites, respectively. This gradually decreased with increasing density of
Cinnamomum camphora in the mixture. In contrast, the yield of Himalayan ash woody biomass was
suppressed by the co-existence with camphor laurel at both rich and poor sites.
The pattern of inter-specific competition reversed in the medium sites. Fraxinus griffithii had
4%–10% more yield of aboveground woody tissue than that calculated from the pure stand. The
relative yields of Cinnamomum camphora were on the contrary all lower than 100% (Figure 2b). In
this site condition with medium quality of resources, the yield surplus of mixed plantations was
contributed by Fraxinus griffithii.
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Figure 2. Aboveground woody tissue (stem + branch) biomass of the trees for (a) rich;
(b) medium and (c) poor sites in year 50 of the plantation. The upper part of each panel
represents the yield surplus, while the lower part demonstrates the respective biomass of
Cinnamomum camphora (dark bar) and Fraxinus griffithii (grey bar). The filled and open
circle is the relative yield of Cinnamomum camphora and Fraxinus griffithii, respectively,
referring to their monocultures.
Differences in tree architecture could explain this competition/facilitation pattern. Camphor laurel is
a moderate- to fast-growing, long-lived species, reaching up to 50 m tall in the best site
conditions [56]. On the contrary, Himalayan ash is a typical fast-growing, short-lived species not
passing 10 m tall. Both species are highly light demanding [55] and have been reported as invasive
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species, particularly camphor laurel trees in Australia [57]. In addition to canopy height, Himalayan
ash is more N demanding than camphor laurel, particularly given the high leaf N content, typical from
Fraxinus species [58,59]. Therefore, Himalayan ash would be unable to survive under the camphor
laurel canopy, and in sites with low nutrient availability, camphor trees would be favored against ash.
Such differences indicate that the realized niches of both species differ both in space (with camphor
laurel being larger, both in canopy height and root architecture), but also in time. Through the
influence of the two species on each other (e.g., overshadowing, suppression in the root space), the
width of the fundamental niche of each species may be restricted to a narrower, realized niche [17].
This reduction in the realized niche probably occurs in the rich site when the initial height of
Himalayan ash is very inferior to camphor laurel.
Increased productivity from aboveground niche differentiation is expected, especially on fertile sites
(good site quality), because better light conditions are the most important factor affecting growth. The
relatively limited access of Himalayan ash to light under the camphor laurel canopy can lead to a
permanent decline and ultimately to the elimination of a species in the stand. In practice, this creates an
asymmetrical competitiveness that could make the mixture unstable [60]. In theory, asymmetrical
competition can be regulated through forest management, promoting one species or inhibiting the
other, depending on the desired stand composition [61]. One example of such management techniques
is the so-called “two-pass system”, suggested for managing mixed sub-boreal forest in North America [62].
Camphor laurel growth in mixed stands seems to improve as a result of Himalayan ash working as a
“nutrient retention system”, which reduces leaching losses from the system during the first years of
each rotation, combining its fast juvenile growth with higher nutrient demands than camphor laurel.
This situation benefits camphor laurels as it reduces N losses from the ecosystem, particularly at the
beginning of the rotation when camphor laurels are small and do not capture and use most of the
available N. Later, when ash declines and leaf and woody litter decompose, such nutrients are released
and can be used by camphor laurel trees. Similar mechanisms to reduce nutrient losses from the
ecosystems have been reported before for Chinese sub-tropical forests [28,31–33]. In addition, stand
litter production increases in mixed forests, a phenomenon reported before [63]. Higher litter loads
combined with slower decomposition from ash leaves than camphor laurel leaves also contributes to
higher accumulation of nutrients in soil.
On sites where soil resources are limiting for growth, niche differentiation in the soil space, such as
a combination of deep and shallow rooting trees, is advantageous. Although the current theory in
over-yielding effects in mixed stands states that the less favorable and less fertile the soil is (the more
eccentric the location of the given site in the niche), the more likely a species mixture will result in a
production increase [17], our results indicate that poor sites will also have a negative yield surplus.
This could be a consequence of the absolute over-yielding effect, and it might be much smaller in poor
sites than under light-limiting conditions (rich sites), since on sites with limiting soil resources,
primarily a greater investment in root mass is needed to reach additional soil resources.
In addition, the presence of understory, which could be taking a significant amount of nutrients
during the early part of the rotation, effectively prevents Himalayan ash from using its fast-growing
potential when its density is low. Such strong competition between understory and fast-growing
species in the subtropical region of China has been described [28]. On the other hand, that the two
species are able to coexist in stands of medium quality may indicate that their niches are differentiated
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effectively by adjusting their competitiveness to the site conditions (temporally and spatially) [17]. As
a consequence, the mixture effect not only varies with site quality and camphor/ash tree density ratios,
but also through time (Figure 3).
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Figure 3. Yield surplus (Mg ha−1) (see the definition in the text) of the mixed stands
through the 100-year plantation age in (a) rich; (b) medium and (c) poor sites. Y-axes of
the contour plots represent different combinations of Cinnamomum and Fraxinus (zero
means pure Fraxinus stands and 1,500 pure Cinnamomum stands). X-axes represent stand
age up to 100 years. The colors towards the orange end of the spectrum indicate a higher
yield surplus of the mixed stands.
Under rich site quality, two main regions with a positive yield surplus could be observed in the
two-dimensional plane of Figure 3a: one is the mixed stands with 1000 to 1400 ha−1 of
Cinnamomum camphora for the period from year 80 to the end of the rotation; another is the lower left
triangle of the plane with the peak values being concentrated in the mixed stand with 400 ha−1 of
Cinnamomum camphora growing to between 30 and 40 years old. These results indicate that under
low camphor laurel densities, competition pressure from camphor laurel on Himalayan ash is reduced,
and therefore, ash can take advantage of the high fertility and faster nutrient cycling created by the
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presence of camphor laurel leaf litter, which decompose faster. This allows ash trees to use the
growing space [64] not used by camphor laurel trees. However, such a window of opportunity quickly
disappears as camphor laurel trees overgrow ash trees and start shadowing them out. Such a capacity
of camphor laurel to suppress and shadow out other tree species has been reported before in tropical
forests in Australia, where selective killing of dominant camphor laurel trees is used to release the
native woody species undergrowth [57].
Later in the rotation, the large negative-value area in Figure 3a represents the mixed stands
providing less yield of woody biomass than the linear combination of monocultures of both species.
The greatest biomass reduction happened in the old 400–1100 ha−1 mixed stand. These results reflect
two phenomena: (i) most of the loss of the biomass earlier produced from ash trees has become
litterfall and decomposed; and (ii) the opportunity cost of planting low camphor laurel densities, which
even with high resource availability are not able to be as productive as the fully-stocked monocultures.
In the case of poor site quality, none of the mixed planting sites yield more harvestable wood than
the pure stands did (Figure 3c). All mixed stands have very similar productivity to pure stands until
mid-rotation (45–55 years). After that time, the mixtures closer to a 1:1 camphor/ash density ratio start
to lose productivity compared to monocultures. This result points to a competitive pressure of camphor
laurel on Himalayan ash, in which the increased productivity of the camphor laurels by the presence of
ash trees does not compensate for the reduced productivity of ash trees. This effect is increased as time
advances until the end of the rotation.
In contrast, when growing on medium-quality sites, almost all mixing scenarios produced surplus
biomass, although the amount of surplus biomass was only marginal throughout the whole period of
plantation (Figure 3b). The higher surplus production among the different mixing scenarios generally
occurred in the mixture of an equal number of Cinnamomum camphora and Fraxinus griffithii. At the
end of the 100-year rotation, the highest yield surplus was about 11 Mg ha−1. This estimated over-yield
is a consequence of the differentiation of the time of maximum productivity for each species.
By having moderate nutrient availability, fast-growing Himalayan ash can produce significant biomass
in the first half of the rotation, whereas camphor laurel’s slower growth peaks after the ash trees have
passed their maximum productivity time. As a consequence, maximum stand productivity is
maintained longer than in any monoculture.
3.3. Long-Term Sustainability of the Productivity in Mixed Camphor Laurel-Himalayan
Ash Plantations
From a site quality (nutritional) point of view, sustainability can be defined as the capacity of a
given management regime to sustain productivity over time [65]. Soil is the support of all vegetation
growth, and therefore, a criterion for maintaining sustainability is keeping soil productivity stable in
the long run [34], which then can be measured with two indicators: the amount of soil organic matter
and available N [13,66]. Both variables are essential components of ecosystem resiliency [7,8].
Therefore, it is important to estimate in the medium- to long-term not only productivity, but also soil
organic matter and N availability in new mixtures of camphor laurel-Himalayan ash.
In our simulations, a common temporal pattern of the soil organic matter (SOM) pool could be seen
in all kinds of plantations (Figure 4). The storage first decreased due to a higher decomposition rate
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than the rate of litter input. Such reductions in SOM after reforesting former farmlands have been
reported before [67]. This trend extended to about years 20 to 30 and the SOM storage started to
increase with plantation age. At the year of harvest, a sharp rise in the SOM pool was due to the
addition of slash from the overstory: 10% of tree leaves, 10% of branches and 5% of the tree stem
biomass were left on site after simulating harvesting.
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Figure 4. Total soil organic matter (litter + humus) for three different sites, three rotation
schemes and five different combinations of Cinnamomum camphora and Fraxinus griffithii
planting densities (the ratio of the tree density of Cinnamomum to Fraxinus ranging from
0–1500, i.e., pure Fraxinus, to 1500–0, i.e., pure Cinnamomum).
In the total period of 200 years, the four consecutive 50-year rotations led to a lower value of SOM
at the end of the period than the repetition of 100-year or 65-year rotations. In the rich site, all rotation
schemes resulted in a reduction of SOM relative to the initial values prior to afforestation. On the
contrary, the afforestation in the poor site helped to enhance the SOM pool, which was rather drastic in
the two consecutive 100-year rotation sites with an increase up to 46% of the initial value (for the
mixing scheme of 1200 camphor laurel-300 Himalayan ash trees ha−1). This buildup of SOM in poor
sites under mixed stands has been reported before for sub-boreal and temperate forests [13].
Stands of different combinations of camphor laurel and Himalayan ash planting densities led to
different final values of SOM. In the rich sites, the monoculture of Fraxinus griffithii depleted SOM to
the lowest level compared to other mixing scenarios. As long as Cinnamomum camphora was planted
with Fraxinus griffithii, the SOM pool could be significantly raised, and different combinations
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seemed to be of minor effect on SOM, a consequence of the increased inputs to SOM by litter fall
achieved in mixed forests, a phenomenon reported before [63]. For the medium and poor sites, the
uniqueness of Fraxinus griffithii pure stand disappeared: the SOM level from all mixing scenarios
remained similar, although a clear trend of increasing SOM by increasing Cinnamomum camphora
density could be found. Such results also show the potential resiliency of these mixed forests in the
long term, even when a program of frequent disturbances of anthropic origin is imposed on them.
Besides SOM, total available nitrogen in the soil is another key state factor that warrants the
sustainability of an ecosystem. Soil available nitrogen changed by different mixing combinations and
rotation scenarios under different site qualities (Figure 5). Camphor laurel demonstrated high
efficiency of N uptake, which, combined with its higher productivity, resulted in a strong reduction of
soil-available nitrogen. The monoculture of Himalayan ash largely increased the soil-available
nitrogen pool in the rich sites, especially for the two consecutive 100-year rotations scheme, thus
enhancing the mixed forest resiliency against other disturbances. At these sited, Himalayan ash trees
reach their maximum productivity peak early in the rotation (before year 30), and then, their N uptake
demand quickly decreases.
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Figure 5. Soil-available N (see Section 2.2 for a definition) for three different sites, three
rotation schemes and five different combinations of Cinnamomum camphora and Fraxinus
griffithii planting densities (ratio of tree density of Cinnamomum to Fraxinus ranging from
0–1500, i.e., pure Fraxinus, to 1500–0, i.e., pure Cinnamomum).
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Similar to the pattern of SOM, the more frequent harvest and re-planting of any of both species will
decrease the level of soil-available N in the long term, as this nutrient is exported from the site, as
found for other tropical and temperate forests before [28,30,66,68]. The exception is the sites with a
higher proportion of camphor laurel trees in the mixed stands, in which the soil-available N also
decreased to a very low level in the 100-year rotation scheme. Such results support the theory that
mixed stands can be more efficient in using soil nutrients [63].
3.4. Model Limitations and Further Work
The predicted biomass values for pure stands are inside the observed biomass range in the field.
However, as in any modeling exercise, there are sources of uncertainty. First, data on forest condition
prior to agricultural expansion into the plain areas is basically non-existent. Here, we have assumed
that at that point, forests could be in an almost steady state as a result of non-human intervention.
However, these forests may have had some low-intensity management (i.e., fire wood collection,
sporadic selective logging, etc.) for at least since the arrival of the first foreign colonist 400 years ago.
However, just by collecting firewood, the amount of coarse woody debris present had likely been
lower than the one estimated here, and therefore, the initial SOM pools could have been lower than the
one estimated here [69].
We should also point out that although being an ecosystem-level model, FORECAST does not
currently include simulation of ecosystem features, such as hydrology or microclimate, which can
affect nutrient cycles and are themselves affected by changing management. However, given the high
rainfall levels the whole year round in Hualien, no moisture deficit is expected that could significantly
influence tree growth, and the model’s lack of explicitly accounting for water flows should then be of
minor consequence to its estimations. Furthermore, disturbances, such as pest outbreaks and especially
typhoons, have not been simulated to reduce the complexity when interpreting the simulation results,
but there is no doubt that they would be present in mixed stands at these sites. However, mixed stands
are also proposed as a suitable management option, as they reduce pest and wind damage by breaking
the homogeneity of monocultures [50].
While more validation work needs to be conducted in a range of different mixed stand types and
management interventions as datasets become available, the analysis described herein provides a first
approach for using this model as a decision-support tool in these ecosystem types under prevailing
climatic conditions. In the face of climate change predictions, further validation work will be needed
for all forest growth models to assess their ability to adapt to this change in the environmental setting
for ecosystem function [34]. Finally, it is important to know how the uncertainty related to calibration
values is transmitted to output variables. Studies on the sensitivity of FORECAST [20,26,28,70]
indicate that the model is more sensitive to the uncertainty of the calibration parameters when complex
site preparation or management practices are applied.
4. Conclusions and Management Implications
All things considered, our quantitative estimations should be taken with caution, although the
productivity patterns are likely representative of the potential biomass generated in mixed afforestation
plantations on former farmlands in Eastern Taiwan. With this constraint in mind, we consider that our
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work has been useful to establish a first approach for the magnitude of the stand-level productivity
changes in camphor laurel-Himalayan ash plantations in former farmlands and the type of tradeoffs
that forest managers face when trying to maximize both production and resiliency. Our research also
shows the viability of using ecosystem-level models as tools for research and management guidance in
the absence of field data and trial plots.
Mixed stands of camphor laurel and Himalayan stands have not been planted before, likely due to
the difficulty of managing a mixture or early- and late-successional species. However, in abandoned
farmlands, mixed plantations could be a viable option to increase ecological productivity and
resilience, although the composition of the mixed stand will depend on site quality. In poor sites (likely
caused by shallow or eroded soils), planting Himalayan ash seems the most viable option to maximize
plant productivity and organic matter inputs to soil. Medium rotation lengths (50 years) would still
allow for accumulating soil organic matter and improving site quality, although long rotations
(100 years) seem to be the most adequate for this purpose. They also seem more adequate for managing
the ecosystem inside its resiliency limits.
In medium sites, a mixed stand with 2:1 to 1:1 camphor laurel- Himalayan ash density ratios would
maximize stand productivity and, at the same time, increase biodiversity and niche differentiation for
wildlife. Medium (50 years) rotation lengths should be avoided due to the uncertainty on their capacity
to keep soil organic matter and its associated site quality in the long term. Managing a mixed stand
would require careful planning and understanding the timing of each species’ growth. In addition to
traditional thinning or intermediate cutting, other options to explore could be using a two-pass system,
where Himalayan ash is removed from the sites before it is shadowed out or, alternatively, extracting
the most dominant camphor laurel trees to extend the period in which available light is adequate for
Himalayan ash.
In rich, high-fertility sites, pure camphor laurel plantations (or with a small proportion of
Himalayan ash) would maximize ecosystem productivity, but long rotation lengths (100 years) should
be used to ensure the maintenance of the soil fertility.
Supplementary Materials
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