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Abstract (250 words) 

Management of mixedwoods is advocated as an effective adaptation strategy to increase ecosystem 

resiliency in the context of climate change. While mixedwoods have been shown to have greater resource 

use efficiency relative to pure stands, considerable uncertainty remains with respect to the underlying 

ecological processes. We explored species interactions in Scots pine / European beech mixedwoods with 

the process-based model FORECAST Climate. The model was calibrated for two contrasting forests in 

the southwestern Pyrenees (northern Spain): a wet Mediterranean site at 625 m.a.s.l. and a subalpine site 

at 1335 m.a.s.l. Predicted mixedwood yield was higher than that for beech stands but lower than pine 

stands. When simulating climate change, mixedwood yield was reduced at the Mediterranean site (-33%) 

but increased at the subalpine site (+11%). Interaction effects were enhanced as stands developed. 

Complementarity dominated the Mediterranean stand but neutral or net competition dominated the 

subalpine stand, which had higher stand density and water availability. Reduced water demand and 

consumption, increased canopy interception, and improved water-use efficiency in mixtures compared to 

beech stands suggest a release of beech intra-specific competition. Beech also facilitated pine growth 

through better litter quality, non-symbiotic nitrogen fixation and above- and belowground stratification, 

leading to higher foliar nitrogen content and deeper canopies in pines. In conclusion, mixtures may 

improve water availability and use efficiency for beech and light interception for pine, the main limiting 

factors for each species, respectively. Encouraging pine-beech mixtures could be an effective adaptation 

to climate change in drought-prone sites in the Mediterranean region. 

 

Keywords (8): Species complementarity, mixedwoods, ecological modelling, Pinus sylvestris, Fagus 

sylvatica, interspecific competition, intraspecific competition, Pyrenees. 
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1. Introduction 

Climate is one of the main environmental factors determining forest ecosystems structure and function, as 

it affects key processes such as tree growth and mortality, nutrient cycling, and species interactions. 

Human-induced climate change is expected to result in escalating atmospheric and surface temperatures 

for the 21
st
 century with associated changes in precipitation regimes and expected increases in the 

frequency and severity of extreme drought events in many parts of the world (IPCC, 2013). It is 

anticipated that climate change will have both positive and negative impacts on forest growth depending 

on species characteristics and regional patterns. Expected positive impacts include increases in forest 

vigour and growth from improved water use efficiency associated with elevated atmospheric CO2 

concentrations, and longer growing seasons in temperature-limited ecosystems (Körner, 2000; Huang et 

al., 2007). Expected negative impacts include growth reductions and mortality associated with increases 

in water and heat stress, and elevated mortality related to climate-driven changes in the dynamics of forest 

insects and pathogens (Allen et al., 2010).  

The management of forests in a mixed condition (with two or more tree species) has been increasingly 

recognized as superior to monocultures with respect to the provision of a full range of ecosystem services 

(Loreau et al., 2001). Moreover, silviculture is gradually moving towards forest mixtures as an adaptation 

strategy designed to enhance ecosystem resiliency through the reduction of species-specific risks 

associated with global change (Jactel et al., 2009; Messier et al., 2013). The impacts of mixing species on 

stand-level productivity have been attributed to changes in nutrient and water availability, light-related 

interactions (light absorption and light use efficiency), and resilience to biotic or mechanical disturbances 

among others (Jactel et al., 2009; Richards et al., 2010; Forrester, 2014, 2015). Such interactions between 

species tend to be dynamic in nature, changing along spatial and temporal gradients in resource 

availability and climatic conditions (Forrester, 2014).  

Inter-specific differences in physiology, phenology, or morphology can influence species and stand 

production (Forrester and Bauhus, 2016). These processes are often grouped into the phenomena of 

facilitation (i.e. one species improves the resource availability, climatic or biotic conditions of another 

species) or competitive reduction (i.e. inter-specific competition in the mixture is lower than intra-specific 

competition in pure stands). However, the inter-dependence among ecological processes in mixtures 

makes it extremely difficult to separate the effects of facilitation and competitive reduction (Kelty and 

Cameron, 1995; Loreau and Hector, 2001; Forrester, 2014). Alternatively, facilitation and competitive 

reduction have been described collectively as complementarity (Loreau and Hector, 2001). Recent 

experimental studies (Forrester, 2015), reviews (Forrester, 2014; Forrester and Bauhus, 2016) and 



González de Andrés et al. (2017) Climate change increases complementarity in pine/beech mixedwoods 

4 / 33 

modelling approaches (Wu et al. 2015; Forrester and Tang, 2016) have analyzed such complementarity 

concept in forest ecosystems.  

In Europe, the light-demanding Scots pine (Pinus sylvestris L.) and the shade-tolerant European beech 

(Fagus sylvatica L.) are the most widely distributed conifer and broadleaf species, and their distributions 

overlap over a large area of the continent (Fig.1). Although mixtures of beech and pine have been 

observed to provide an overall increase in yield of 12 % in comparison with monospecific stands 

(Pretzsch et al., 2015), it is unclear if this relationship will be consistent under different stand conditions 

(e.g. ages, densities and edaphic conditions) and under changing climate conditions. As the climate in 

continental Europe shifts towards warmer and drier summers in the South, and warmer and wetter 

summers in the North (IPCC, 2013), there is a potential for the range of Scots pine to expand northwards 

and upwards in elevation. In contrast, beech is expected to migrate towards higher elevations but to 

decline in lower and mid altitudes, where it could be replaced by pine or other species (Peñuelas and 

Boada, 2003). The Iberian Peninsula represents the southern and western limits of the range of both Scots 

pine and European beech (Fig. 1). Accordingly, this region is likely to be highly sensitive to climate 

change. Hence, an analysis of the potential impacts of climate changes on these rear-edge forests will 

provide valuable insight towards understanding long-term impacts of warmer and/or drier conditions 

throughout the broader range of these species.  

Given the lack of long-term field studies in mixed forest and the uncertainty in changing climatic 

conditions, forest growth models provide one of the best available methods to examine long-term patterns 

of growth and development in mixedwoods and their potential behaviour under alternative climate change 

scenarios. Hybrid models combining ecological processes and empirical data can be effective tools for 

projecting development under untested growing conditions, novel silvicultural regimes, and alternative 

species combinations and proportions (Blanco et al., 2015).  

The objectives of this study are: 1) to explore underlying causes of complementarity and competition in 

mixed pine and beech forests in the southwestern Pyrenees, and 2) to evaluate the potential impacts of 

climate change on forest nutrient and water dynamics, and ultimately on tree growth and complementarity 

in two different study sites. Complementarity was considered to occur when the mixed stand growth 

exceeded from the weighted growth average of both monospecific stands (Loreau and Hector, 2001). We 

hypothesize that pine and beech growing in intimate mixtures will experience improved water and 

nutrient availability, capture and/or use efficiency relative to pure stands, particularly under warmer and 

drier conditions associated with climate change. Likewise, we hypothesize that Iberian mixed pine-beech 
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forests will be more productive than monospecific forests and that the complementarity effects will vary 

over time.  

To test these hypotheses we have employed the process-based, ecosystem-level model FORECAST 

Climate (Seely et al., 2015) to simulate the development of forest ecosystems under a reference climate 

and different climate change scenarios derived from six global circulation models (GCMs) and two 

representative concentration pathways (RCPs). FORECAST Climate is able to simulate the movement of 

water through various forest layers including explicit representations of the balance between inputs from 

precipitation and seepage, and outputs by canopy interception, evapotranspiration, plant uptake, 

percolation and runoff. The model has been tested and applied for a wide variety of forest ecosystems 

(Dordel et al., 2011; Blanco et al., 2015; Lo et al., 2015; Seely et al. 2015, and references therein).  

2. Material and methods 

2.1. Study sites 

The study area is located in the southwestern Pyrenees in the province of Navarre (northern Spain; Fig.1). 

Using data from experimental plots monitored since 1999 (pine stands) and 2013 (beech stands), 

FORECAST Climate was calibrated to simulate two contrasting pine-beech mixedwoods: a 

Mediterranean low-elevation site (Aspurz), and a subalpine high-elevation site (Garde) (Fig.1, Table 1). 

In this region, management plans have favored the presence of monospecific stands of Scots pine, which 

is a more marketable species. However, more recently mixed stands have been encouraged by facilitating 

beech regeneration and growth under maturing pine canopies (Condés et al., 2013). 

Historical climate data were obtained from the nearest weather stations to each study site. Due to the 

elevation difference between the subalpine experimental plots and the closest weather station (about 600 

m), climate data were adjusted using the MounTain microCLIMate simulation model (MT-CLIM; 

Running et al. 1987). Maximum and minimum temperature lapse rates and precipitation isohyets needed 

for the extrapolation were calculated from regional climate data. Missing data were calculated by 

interpolating values from nearby weather stations. For the period 1975-2004 mean growing season (May-

October) temperature was 16.8 ºC and 14.5 ºC and precipitation amount was 402 mm and 743 mm for the 

Mediterranean and subalpine sites, respectively (Fig. 2). Summer droughts are frequent in the 

Mediterranean site. Soil characteristics are summarized in Table 2. 
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2.2. Model description 

FORECAST Climate is an ecosystem-level, non-spatial, stand-scale, forest growth simulator. It includes 

the basic FORest and Environmental Change ASsessment Tool (FORECAST; Kimmins et al., 1999) and 

the new hydrological module based on the Forest Water Dynamics model (ForWaDy; Seely et al., 1997). 

As the model has been recently described in detail (Seely et al. 2015), only a basic description is provided 

here. 

2.2.1. The forest growth model FORECAST  

The FORECAST model was designed to accommodate a wide variety of harvesting and silvicultural 

systems in order to compare and contrast their effect upon forest productivity, stand dynamics and a series 

of biophysical indicators of non-timber values. Tree growth is limited by available light and nutrients 

(Fig. S1A) and the model uses a mass balance approach to simulate nutrient cycling  Rates of key 

ecosystem processes are calculated at an annual time step from a combination of historical bioassay data 

(biomass accumulation in component pools, stand density, etc.) and measures of certain ecosystem 

variables (e.g., decomposition rates, photosynthetic saturation curves) by relating ‘‘biologically active’’ 

biomass components (foliage and small roots) with calculations of nutrient uptake, the capture of light 

energy, and net primary production. In this way the model generates a set of growth properties for each 

tree and plant species which includes, among others, 1) photosynthetic efficiency per unit of foliage 

biomass based on relationships between foliage biomass, simulated self-shading, and net primary 

productivity after accounting for litterfall and mortality, 2) nutrient uptake requirements based on rates of 

biomass accumulation and nutrient concentrations in different biomass components on different site 

qualities, and 3) light-related measures of tree and branch mortality derived from stand density input data 

in combination with simulated light profiles. The model simulates the dynamics of all major forest carbon 

stocks (aboveground biomass, belowground biomass, litter, dead wood and soil organic carbon). It 

complies with the carbon estimation methods outlined by the IPCC (Penman, 2003). See the 

Supplementary Material and Kimmins et al. (1999) for further details. 

2.2.2. The forest hydrology model ForWaDy 

ForWaDy (Seely et al., 1997) is a two-dimensional forest hydrology model that simulates the 

hydrological dynamics of a forest stand on a daily time step under a given set of climatic and vegetation 

conditions. It has been validated against field-measured soil moisture data (Titus et al., 2006; Dordel et 

al., 2011). In the FORECAST Climate model, ForWaDy is dynamically linked to FORECAST to 

facilitate an explicit representation of water availability and competition for limited water resources on 
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tree growth and other ecosystem-level processes. Reconciliation between the different temporal 

resolutions of each model is made through the usage of annual indices (calculated from the daily 

ForWaDy output) as input to FORECAST (Seely et al., 2015). Conversely, FORECAST provides 

annually updated input to ForWaDy in the form of species-specific estimates of leaf area index, canopy 

radiation interception, and soil occupation by fine root biomass. It also provides information regarding the 

formation of soil organic matter and its distribution within specific soil layers. 

ForWaDy calculates potential evapotranspiration (PET) using net shortwave solar radiation interception 

and an empirically based energy budget approach. PET is estimated separately for the canopy, understory, 

and forest floor. Hydrological dynamics in the forest floor and rooting zone are simulated using a multi-

layered approach (Fig. S1B). Water storage and vertical movement through each soil layer are regulated 

by its physical properties that dictate moisture holding capacity, permanent wilting point moisture 

content, and infiltration rate. Water stress is calculated daily for each species separately as the relative 

difference between potential energy-limited transpiration demand and actual transpiration. This is 

represented by a dimensionless transpiration deficit index (TDI; Eq. 1): 

𝑇𝐷𝐼 =
𝐶𝑎𝑛𝑇𝐷𝑒𝑚𝑎𝑛𝑑 𝑖,𝑑−𝐶𝑎𝑛𝑇𝐴𝑐𝑡𝑢𝑎𝑙 𝑖,𝑑

𝐶𝑎𝑛𝑇𝐷𝑒𝑚𝑎𝑛𝑑 𝑖,𝑑
   (Eq. 1) 

where, CanTDemand, i,d is the energy-limited transpiration for species i on a day d, depending on leaf area 

index (LAI), intercepted short-wave radiation, canopy albedo, and canopy resistance; and CanTActual, i,d is 

the soil-limited transpiration, calculated as a function of CanTDemand, i,d, root occupancy, and available soil 

moisture. A higher TDI value indicates greater moisture stress. A detailed description of the ForWaDy 

model is presented in Seely et al. (1997, 2015). 

2.2.3. Climate impacts on productivity, decomposition, and mortality 

The impact of temperature and water availability on plant growth is represented in FORECAST Climate 

with species-specific curvilinear response functions (Fig. S2). A daily growth response index is calculated 

as the product of the temperature and moisture effects and summed over the year to generate an annual 

growth response index. A similar approach is utilized to represent the impact of temperature and moisture 

content on decomposition rates. Reference values for the annual climate response indices are determined 

from a series of climate calibration runs in which historical climate data from a 20 to 30 year reference 

period are used as model inputs. During climate change simulations, current-year climate response indices 

are compared against mean reference values to determine the degree to which species-specific base 

growth rates and litter-type specific base decomposition rates should be adjusted to account for climate 

effects. FORECAST Climate also includes a representation drought mortality associated with prolonged 
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periods of water stress (Allen et al., 2010). Water stress mortality is simulated as a function of two-year 

running average water stress based upon TDI (Fig. S3). Further explanations are provided in the 

Supplementary Material. 

2.3. Model calibration and simulation 

2.3.1. FORECAST Climate calibration 

Calibration data from Scots pine and European beech sites used to parameterize the base FORECAST 

model are provided in the Supplementary Material (Tables S2 and S3). In addition, the forest hydrology 

sub-model ForWaDy requires data describing characteristics of the soil profile from each site. These data 

were obtained by digging soil pits in each site (Table 2). Parameters regulating hydrological processes 

such as transpiration rates, soil water uptake and water stress development for simulated tree and plant 

species are provided in Table 3. A detailed summary of empirical and literature sources for model 

calibration data and input parameters is provided in the Supplementary Material. 

2.3.2. Simulating climate change impacts on forest ecosystems 

Performance of monospecific and mixed pine and beech forests in the southwestern Pyrenees under 

different climate change scenarios was assessed. Natural regeneration of both species was simulated as 

occurring at year 1 of simulation, with no further regeneration events. Seedling regeneration densities in 

the monospecific stands were based on regional growth and yield tables for these species (Madrigal et al., 

1992; Puertas, 2003). Condés et al. (2013) observed that stand density in Navarre’s pine-beech 

mixedwoods is usually divided between pine and beech at 50%-50% species proportions. Similar average 

proportions were reported by Preztsch et al. (2015) for the whole natural range of both species along 

Europe. Therefore, seedling density for each species in mixed stands was set up as the 50 % of the density 

of each species in monospecific stands. This procedure allowed comparisons of species performance 

when growing alone and together with the other species. To obtain growth predictions meaningful for 

forests already established, climate change impacts were simulated starting on year 51, which was the 

average tree age in the experimental plots used to obtain empirical calibration values (see Table 1).  

Three climate change scenarios were simulated: historical, moderate and severe. In the case of the 

historical scenario, atmospheric CO2 concentration were held constant at 2004 levels (377 ppm) to 

approximate a no-change baseline. Historical climate data from the period of 1975-2004 (see section 2.1) 

were cycled five times to generate 150 years of daily data to represent the historical (no-change) climate 

scenario. The moderate and severe climate change scenarios were derived from six GCMs included as 

part of the Intergovernmental Panel on Climate Change AR5 analysis (IPCC 2013; Table S4). Two CO2 
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emissions pathways that generate radiative forcing of 4.5 Wm
-2

 (RCP 4.5) and 8.5 Wm
-2

 (RCP 8.5) were 

selected, corresponding to moderate and severe scenarios, respectively (Meinshausen et al., 2011; Fig. 

S4). GCMs were downscaled using the Statistical Downscaling Model (SDSM; Wilby and Dawson, 

2013). The projections of five weather stations near the study sites (Fig. 1) were averaged to generate 

climate change scenarios. The resulting data sets spanned 100 years (2015–2114). Under these scenarios, 

mean growing season temperature in the Mediterranean and the subalpine study sites were predicted to 

rise from about 16.8 ºC and 14.2 ºC in 2015 to 19.7 ± 0.2 ºC and 15.2 ± 0.2 ºC (RCP 4.5) or 24.2 ± 0.4 ºC 

and 19.6 ± 0.4 ºC (RCP 8.5) by the beginning of the 22
th
 century, respectively. However, there is a great 

variability among the precipitation predictions among models, and no common trends can be derived. 

Detailed descriptions of the modeled climate change scenarios are provided in the Supplementary 

Material (Figs. S5A and S5B). 

2.4. Evaluation of stand-level performance through complementarity 

Complementarity, which appears when the interactions between species have a net positive influence due 

to resource partitioning or facilitation (Loreau and Hector, 2001), was assessed at species and stand levels 

with Eq. 2 and Eq. 3, respectively, at each time step (year) for each simulation conducted.  

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑐𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑖𝑡𝑦𝑖,𝑗 (%) = 100 × (
𝑌𝑚𝑖𝑥𝑒𝑑 𝑖,𝑗

𝑌𝑚𝑜𝑛𝑜 𝑖,𝑗 ×𝑆𝑝𝑖,𝑗
− 1)    (Eq. 2) 

𝑀𝑖𝑥𝑒𝑑 𝑠𝑡𝑎𝑛𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑖𝑡𝑦𝑗 (%) = 100 × (
𝑌𝑚𝑖𝑥𝑒𝑑 𝑃𝑠,𝑗+𝑌𝑚𝑖𝑥𝑒𝑑 𝐹𝑠,𝑗

𝑌 𝑚𝑜𝑛𝑜 𝑃𝑠,𝑗 × 𝑆𝑝𝑃𝑠,𝑗+𝑌 𝑚𝑜𝑛𝑜 𝐹𝑠,𝑗 × 𝑆𝑝𝐹𝑠,𝑗
− 1) (Eq 3.) 

where Ymixed i,j is the stemwood yield of species i (Scots pine or European beech) in the mixed stand at year 

j and Ymono i,j is the stemwood yield of species i at year j growing in a monoculture. Sp is the species i 

proportion, calculated as the species density at year j (number of stems per hectare) in mixtures divided 

by the species density in a monospecific stand of the same species i simulated under the same climate 

scenario for the same year j. The Ps and Fs subscripts indicate pine and beech, respectively. Negative 

values of complementarity were interpreted as competition. Both equations are based on the selection and 

complementarity effects calculations proposed by Loreau and Hector (2001) and adapted by Forrester 

(2014). Alternative approaches to quantifying complementarity are also available (Fox, 2005; Wu et al., 

2015) but are not used in this study. 

Two additional metrics of species performance were assessed including annual water use-efficiency 

(WUE) and nitrogen use-efficiency (NUE). WUE was determined as the ratio of net primary production 

(NPP, which was estimated as the sum of biomass increment, litterfall and mortality), to canopy 

transpiration (Sinclair et al., 1984). NUE was calculated as the ratio between NPP and the net uptake of 
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nitrogen by each species (Lodhiyal et al., 1995). The above metrics were used to compare performance 

of: 1) monospecific and mixed stands under the historical climate scenario, and 2) mixtures with both 

historical and climate change scenarios. 

3. Results 

3.1. Species interaction in historical climate simulations 

In the case of the historical climate simulation, FORECAST Climate predicted a total yield in pine and 

beech mixtures of about 870 Mg ha
-1

 in the Mediterranean site and 550 Mg ha
-1

 in the subalpine site. In 

both sites, mixtures had higher yields than monospecific beech stands but lower than pure pine stands. An 

increasing temporal trend in stand-level complementarity as stands developed was found for the 

Mediterranean site. However, interaction effects between species in the subalpine site were weaker, 

starting with initial net competitive effects (negative complementarity) evolving over time towards 

facilitation (slightly positive complementarity, Fig. 3A). Annual stand productivity was greater in mature 

mixtures (over 100 years) at both sites (Fig. 4A). Yield complementarity and productivity patterns may be 

explained by improved nutrient status in mixtures compared to monospecific pine stands (Fig. 4B), lower 

water demand for transpiration (Fig. 4C), and higher NUE (Fig. 4D) for mixtures than for beech stands. In 

fact, nitrogen-leaching losses decreased 40% in the Mediterranean site and 75% in the subalpine site for 

mixtures relative to monospecific stands. Canopy precipitation interception of mixtures was close to that 

of monospecific pine stands while it was always lower than beech stands (Table 4). There were no 

differences in maximum rooting depth between the stands in either site. However, combined tree root 

occupancy of all soil layers was higher in mixtures than in monospecific stands. 

Species-specific results show that complementarity was also greater in the Mediterranean site for both 

species (Fig. 3B; Table S5). Foliar nitrogen content per tree in pines was higher in mixtures than in 

monospecific stands (Fig. 5A). In mixed stands, crown length was 1.0 and 3.3 m greater than in mature 

pure pine stands at the Mediterranean and subalpine elevation sites, respectively. Although average pine 

transpiration per tree was higher in mixtures due to increased productivity (Fig. 5B) , no changes in WUE 

were predicted (Fig. 5D). In contrast, foliar nitrogen content per tree in beech was lower in mixed stands 

due to competition from pine (Fig. 6A). Therefore, simulated positive mixing effects on beech in the 

Mediterranean site were not light-related but associated with improved resource use efficiency (Fig. 6D).  

3.2. Impacts of climate change on ecological processes in mixed stands 

Stand biomass accumulation under climate change (calculated as the average of moderate and severe 

climate change scenarios relative to the historical scenario) was significantly reduced in mixed stands in 
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the Mediterranean site (-33%) and moderately increased in the subalpine site (+11%). This is consistent 

with the trends predicted for stand productivity, which decreased in the Mediterranean site and remained 

steady (or rising for the severe climate change scenario) in the subalpine site (Fig. 7A). Climate change 

had only minor impacts on stand complementarity, with the notable exception of the 150-year period at 

the subalpine site under severe climate change. At this site and time, complementarity increased 

substantially (Fig. 3A) following a period of drought-induced beech mortality. Predicted warmer 

temperatures led to accelerated decomposition of litter at both sites (Fig. 7D), but only at the subalpine 

site the net nitrogen balance increased (Fig. 7B). Stand-level canopy transpiration rates showed a minor 

increase in the climate change scenarios relative to the historical scenario at both sites (Fig. 7C). In 

contrast, warmer conditions and increased nitrogen mineralization at the subalpine site led to increased 

growth rates for both species. Moisture availability was not a limiting factor on growth in this site. 

Simulation results for the growth response index (GRI), TDI and drought-related mortality at the species-

level are shown for mixed stands in Fig. S6. 

Complementarity for beech stemwood biomass increased as temperature and rainfall variability also 

increased in the Mediterranean site (Fig. 3B). Relative to monospecific stands, beech growing in mixtures 

under climate change showed increases in foliar nitrogen content and WUE, and concurrent reductions in 

water stress (Fig. 6). In contrast, complementarity for pine did not vary considerably in the climate 

change scenarios relative to the historical climate simulation. While the effects of mixing on foliage 

nitrogen content declined with climate change, WUE was greater for pines in mixtures relative to 

monocultures (Fig. 5). The relatively minor effects of mixing on light-, nutrient- and water-related 

processes in the subalpine site are consistent with limited complementarity levels also estimated for this 

site. 

4. Discussion 

The prospect of climate change for the future survival and sustainability of beech has become of greater 

concern due to its high sensitivity to drought (Geßler et al., 2007). Pure pine stands also appear to be 

increasingly vulnerable to climate change, primarily because of the increased risk of insect outbreaks and 

fungal disease in such stands (Allen et al., 2010). Inter-specific differences in physiological and 

morphological traits provide advantage for pine-beech mixtures in terms of resource efficiency and 

overall resilience relative to monospecific stands (Pretzsch et al., 2015), particularly in the context of 

climate change. Although our modelling approach has some limitations (see below), it also has 

advantages that facilitate the analysis of potential impacts of climate change on key ecological processes, 

including nutrient and water availability, and efficiency of their use as well as the effects of different 
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levels of species mixing, including proportions and total stand density (Río et al., 2014a; Blanco et al., 

2015).  

Differences between species growth rates were too large and mixing positive effects not big enough for 

stand biomass in mixtures to be greater than biomass in both monospecific stands. Nevertheless, 

complementarity effects (positive interaction) were predicted at stand- and species-levels for both sites. 

Facilitation, competitive reduction (considered jointly as complementarity) and competition in 

mixedwoods occur simultaneously. Changes in the importance of each factor have an influence on NPP. 

When species interactions improve the availability, uptake, or use efficiency of a resource that is 

becoming more limiting along the spatial or temporal gradient, complementarity also tends to increase 

along that gradient (Binkley et al., 2004; Forrester, 2014). The stress gradient hypothesis (Bertness and 

Callaway, 1994) has been recently considered as a special case that fits within the general 

‘complementarity – competition’ framework (Forrester and Bauhus, 2016). However, there are some 

differences between the ‘complementarity – competition’ framework and the stress gradient hypothesis. 

One difference is the nature of agronomic studies traditionally used to test the stress gradient hypothesis, 

whereas the ´complementarity – competition´ framework has been applied more often to forest 

ecosystems. Another difference is the consideration of facilitation and competitive reduction instead of 

just facilitation, or the difficulty to distinguish both processes occurring simultaneously in forests 

(Forrester and Bauhus, 2016). In spite of these difficulties, several recent studies have successfully 

applied the stress gradient hypothesis to forest ecosystems in permanent environmental gradients or under 

episodic severe conditions (e.g. Pretzsch et al., 2012; Forrester, 2014; Río et al., 2014a).  

4.1. Understanding pine-beech interactions in the southwestern Pyrenees 

Beech is known to have high drought sensitivity. Intensive summer droughts can significantly limit its 

growth and competitive ability (Geßler et al., 2007). Thus, greater complementarity effects on this species 

at the Mediterranean site compared with the subalpine site are consistent with the ‘complementarity – 

competition’ framework, as long as we consider water to exert a higher limitation than nutrients on beech 

growth. Supporting this assumption, Condés and Río (2015) found that water resources are of greater 

importance for beech than for pine in this region, increasing the effect of competition for nutrients and 

light with higher precipitation in the same region. Such is the case of the subalpine site, where higher 

density might also promote competitive interactions.   

Stress release of beech when mixed with different species has been reported in several studies (Pretzsch et 

al., 2012; Condés et al., 2013; Río et al., 2014a, b). Similarly, our results suggest that given the low self-

tolerance of beech, complementarity may arise from processes that release intra-specific competition for 
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water in mixtures. Transpiration is one of the key processes that influences water availability (Forrester, 

2015). Thus, the improvement in WUE in mixed stands suggests that beech may better tolerate drier 

conditions if grown in mixed stands relative to pure stands. Such result is in line with observations field 

observations at the Mediterranean site by Primicia et al. (2013), who reported beech radial growth during 

the water stress season when mixed with pine.  

In addition to transpiration, there are several simultaneous processes that could influence water 

availability and drought stress in mixtures (Forrester, 2015). In FORECAST Climate, transpiration 

demand decreases as crown evaporation increases and energy is consumed in the process of crown 

evaporation (Seely et al., 2015). Thus, the simulated increase in the proportion of precipitation intercepted 

by the canopy of mixed stands compared to beech monospecific stands may partly explain the increase in 

WUE. The increase in interception rates in mixed stands is likely caused by the combination of: 1) higher 

LAI in coniferous forests than in broadleaves, 2) the contrasting canopy architecture of the two species 

that combined produce a more complete use of the canopy space than each species by separate, and 3) the 

winter/early spring season when beech is defoliated but rainfall is important , which can therefore be 

intercepted by pine in mixed stands but not in pure beech woods (Fig. 2). In addition, belowground 

competition release could also improve water supply for beech in mixtures. 

Water did not exert important limitation for pine growth, which seemed to be more dependent on light 

availability. Contrary to beech, pine growth and transpiration could have increased in response to 

processes that improve light and nutrient availability or uptake (Forrester, 2015). Such mechanisms have 

been proposed to occur in the presence of beech for this species mixture in this region (Río et al., 2014b; 

Condés and Río, 2015). The estimated spatial gradient in complementarity between our sites (which 

increased as nutrient supply improved) is also consistent with the ‘complementarity – competition’ 

framework, when light is considered the growth limiting resource for pine (Blanco et al., 2008; Forrester, 

2014; Forrester and Bauhus, 2016). 

Beech presence reduced aboveground intra-specific competition and improved nutrient supply for pine. 

Improvements in nutrient availability for pine in mixtures were more pronounced in the Mediterranean 

site and largely related to input from beech leaf litter. Compared to pine litter, beech litter has higher 

nutrient content, lower C/N ratio and less recalcitrant compounds, resulting in higher activity of soil 

microfauna and therefore higher litter decomposition rate, reduced soil acidity and a richer humus type 

(Kelty and Cameron, 1995; Pretzsch et al., 2015). Non-symbiotic nitrogen fixation associated with beech 

litter also increased the available N content in mixed sites relative to pure pine sites.  The resulting deeper 

canopies improved pine light interception in mixtures. In the subalpine site, nutrient availability is more 
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limiting than in the Mediterranean site (Blanco et al., 2009, 2011) and, therefore, light-related 

complementarity was of lesser intensity. Competition for nutrients was also probably encouraged by the 

high tree density predicted for the subalpine site, in accordance to data reported from similar sites in this 

region (Condés et al., 2013).  

Inter-specific differences in resource requirements and uptake abilities often result in niche differentiation 

and resource-use complementarity (Richards et al., 2010). The hypothesis of more complete belowground 

exploitation (Río et al., 2014b; Pretzsch et al., 2015) was supported by our simulations through higher 

combined root occupancy in mixtures, which led to reduced nitrogen leaching losses and improved NUE 

at the stand level. A more efficient use of crown space due to contrasting light compensation points and 

light-use efficiencies (Preztsch et al., 2015), phenological differences (Schwendenmann et al., 2015) and 

contrasting patterns of stomata closure under drought conditions between species (Forrester, 2015) have 

also been proposed as causes of complementarity in mixtures.  

Recent studies based in the same region (Condés et al., 2013; Río et al., 2014b; Condés and Río, 2015) 

similarly found water and light to be the primary limiting resource factors for beech and pine 

performance, respectively. However, our results illustrate the importance of also accounting for species 

interactions with respect to the dynamics of nutrient availability and uptake. This is particularly important 

for predicting future growth and ecosystem resiliency trends under different silviculture systems and 

climate scenarios. 

4.2. Mixed stands projections under climate change 

The temporal patterns of variation in complementarity observed in this analysis highlight the importance 

of using a long-term approach when evaluating tree interactions under different stress gradients. This 

variation is likely derived from temporal changes in climatic conditions or disturbances and modification 

of availability of light and soil resources by stand development (Forrester, 2014). Our results point to the 

enhancement of interaction effects as stands develop over time. In the Mediterranean site, increasing 

stand complementarity was predicted for both species in mixtures. In the subalpine site, increasing 

complementarity and competition effects were predicted for pine and beech respectively. The projected 

trend of rising temperatures and increasing frequency of drought events (IPCC, 2013) in southwestern 

Europe suggest that beech will increasingly benefit from associations in mixtures, particularly in areas 

with Mediterranean climates where it is expected to suffer growth reductions related to declining soil 

moisture and reduced nitrogen supply (Geßler et al., 2007).  Messier et al. (2013) observed similar 

benefits for beech growing in mixtures in terms of increased forest resilience in the context of climate 

change.  
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Although pine is better adapted to dry conditions than beech and the main inter-specific interactions were 

nutrient- and light-related, the climate change simulations conducted here suggest that pine will also have 

better WUE when grown in a mixedwood condition. Regardless, water stress at the species-level was 

notably increased under climate change, because of the increased frequency of drought events, leading to 

higher drought-related mortality rates in the Mediterranean site. In any case, pine would also likely obtain 

greater additional benefits in mixtures from the mitigation of the susceptibility to secondary stress made 

by insects, fungi or windthrow damage caused by drought (Allen et al., 2010; Pretzsch et al., 2015). All 

our results together point to the advantage of mixtures for both species at stand-level to face warmer 

environments with more frequent drought events. 

4.3. Model advantages and limitations 

All models have strengths and weaknesses that should be taken into consideration when evaluating model 

results. One of the strengths of the FORECAST Climate as tool for examining species interactions in 

mixed stands is that it does not use competition indices as proxies for species interactions. Rather, it 

includes explicit representations of above and belowground competition for available resources including 

nutrients, light and water, therefore allowing for an examination of shifts in inter-specific interactions 

along spatio-temporal environmental gradients (Río et al., 2014a). While such features enhance the 

capability of simulating species interactions (Blanco et al., 2015; Pretzsch et al., 2015), they also come 

with the cost of increased calibration data.  

Some of the limitations of FORECAST Climate with respect to its application in mixed species stands 

include the following. There is neither representation of mycorrhizal relationships nor simulation of 

hydraulic redistribution in the model. Both of these can be important factors regulating ecosystem 

function in mixedwood forests (Neumann and Cardon, 2012; Simard et al., 2012). In addition, drought-

related mortality is empirically estimated based on monospecific stands, so the ability of the model to 

predict inter-specific interactions could be limited. Forrester (2015) showed that in mixtures not every 

tree of a given species present complementarity effects but only some of them grow faster than trees in 

monospecific stands and other trees grow at similar rates, and stand-level patterns will reflect the mean 

tree-level response. Thus, stand-level predictions could ignore potentially important individual tree 

responses. Additionally, the way in which density and species proportions are estimated could influence 

the calculation of complementarity. To address this issue, a species proportion definition that considers 

the different potential densities between species was chosen as it was referred to density in monospecific 

stands. This might provide more reliable estimation of mixing effects when there are differences in 

species potential densities (Sterba et al., 2014). A further limitation in our modelling approach could be 
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attributed to the fact that the only nutrient considered was nitrogen. This assumption was based on 

previous research reporting that nitrogen is the main limiting nutrient at both sites (Blanco et al., 2008; 

2009; 2011). However, recent findings suggest that phosphorous could also become limiting uner some 

conditions at least in the Mediterranean site for pine growth (Primicia et al., 2014). Hence, further work is 

needed at conceptual, modelling, and empirical levels to include multi-nutrient limitations and 

interactions with other factors in the context of the ´complementarity – competition´ theoretical 

framework. 

In spite of the aforementioned limitations, FORECAST Climate (and its predecessor FORECAST) have 

been successfully applied to a wide variety of situations (see Blanco et al., 2015, Lo et al., 2015; Seely et 

al., 2015 and references therein), including studies on complementarity and facilitation in tropical mixed 

plantations (Wu et al., 2015; Wei et al., 2014). This model has also been highlighted as one of the four 

more promising ecological models for its application in mixed forests, in a recent review encompassing 

202 ecological models (Blanco et al., 2015). Such facts provide confidence in its suitability to simulate 

complex forest ecosystems. 

5. Conclusions 

In this study we provide insight towards a better understanding of inter-specific interactions in pine/beech 

mixedwoods growing close to their range limits. The results are also relevant across Europe as similar 

climate conditions may develop further north in more central distribution areas with climate change 

(Hampe and Petit, 2005). The study provides support for increasing the establishment pine-beech 

mixedwoods as an adaptation strategy to climate change in drought-prone sites. Our results suggest that 

the expected beneficial effect would be weaker high elevation sites where water availability is not a key 

factor limiting growth. Complementarity of beech increased as water availability (major limitation for this 

species) declined. In the case of pine, interactions in mixtures were light-related, and complementarity 

was higher as nutrient supply improved and competition for below-ground resources decreased. Thus, 

climate change was predicted to have a relatively smaller impact on pine grown in mixtures compared to 

beech. Our results are consistent with the ‘complementarity – competition’ framework as long as the 

limiting resources considered are water for beech and light for pine. 
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TABLES 

 

Table 1. Site characteristics (mean  standard error) in 2014. Stands descriptors from Puertas (2001) and Iriarte and Puertas (2003). 
 

Site Mediterranean site  Subalpine site 

Name of the closest town Aspurz Garde 

Latitude 42º48’50’’ N 42º42’31’’ N 

Longitude 52’30’’ W 1º8’40’’ W 

Altitude (m.a.s.l.) 625 1335 

F.A.O. soil type Haplic Alisol Dystric Cambisol 

Climate type (Papadakis, 1970) Cold wet Mediterranean Cold wet continental 

 Pine stands Beech stands Pine stands Beech stands 

Slope (%) 

Other overstory tree species 
a, b 

7 

Fagus sylvatica L. 

37 

Pinus sylvestris L. 

40 

Fagus sylvatica L. 

45 

Pinus sylvestris L. 

 Quercus humilis L. Alnus glutinosa (L.) Gaertn   

Site Index at stand age 80 years (m) 29 21 23 18 

Age (years) 47 72 51 38 

Density (stems ha
-1

) 
c 

1456  140
 

700  115 2747  328 783  118 

Dominant height
 
(m) 

d 
20.4  0.3 17.3  0.8   17.3  0.9 13.2  0.5 

Mean DBH (cm) 
e 

18.9  1.0 14.2  0.7 14.8  0.2 9.5  0.4 

Basal area (m
2
 ha

-1
) 41.2  0.9 13.5  6.6 47.8  1.6 15.0  4.0 

a
 Scots pine plots: eighteen and ten tree species identified in the Mediterranean and the subalpine sites, respectively   

b
 European beech plots: seven and two tree species identified in the Mediterranean and the subalpine sites, respectively   

c
 Trees with a diameter > 7.5 cm at breast height (1.30 m, DBH). 

d
 Measured averaging (n = 100) the height of the thickest dominant trees per hectare. 

e 
Measured by double cross measurement. 
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Table 2. Soil chemical and physical properties in the study sites. Parameters in bold are plant-available water related values used to calibrate the 

hydrological submodel. 

 

Site/Horizon Texture Coarse 

fragment 

content (%) 

Depth 
a
 

(cm) 

pH 1:2.5 

H2O 

Density 
b
 

(g.cm
-3

) 

CEC 

(cmol+.kg
-1

) 

O.M. 

(%) 

Soil 

C/N 

Maximum 

field capacity 

(%) 

Mediterranean site          

Horizon O  - 0 9.7 - 0.24 - - 43.1 32.0 

Horizon A Sandy loam 20 20.0 6.25 0.38 18.6 10.41 23.3 38.8 

Horizon B Sandy loam 20 50.0 5.32 1.89 6.6 1.63 20.5 38.8 

Subalpine site          

Horizon O  - 0 8.8 - 0.24 - - 56.5 32.0 

Horizon A Loam 30 25.0 5.83 0.76 26.6 9.07 15.6 38.8 

Horizon B Loam 30 60.0 5.76 1.27 18.2 2.71 9.4 38.8 

a
 The starting depth for the organic horizon (O) is shown as measure on the experimental sites, but it can change over time in the simulations 

depending on rates of litter production and decomposition. 
b
 Organic horizon (O) density: estimated bulk density; mineral soil (horizons A and B) density: apparent density. 
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Table 3. Parameter values in the hydrological submodel specific to the simulation of evapotranspiration and water stress for trees and understory 

vegetation. 

 

Species Canopy parameters Permanent Wilting Point 
a 
 Maximum rooting depth (cm) 

Albedo Resistance 
b
 Humus Mineral soil 

   (Med. / subalp. sites) 

Pinus sylvestris 
c
 0.09 0.2 0.13 / 0.13 0.10 / 0.15 40 

Fagus sylvatica 
c
 0.13 0.15 0.15 / 0.15 0.12 / 0.18 80 

Rubus spp.
 d
 0.12 0.15 0.12 / 0.12 0.13 / 0.13 25 

a
 Relative volumetric moisture content (proportion of total volume) at which soil water uptake is suspended. 

b
 Reference relative canopy resistance to water loss through stomata. Higher values indicate greater resistance  

c
 Tree species. 

d
 Understory species. 

 

 

 

Table 4. Percentage of precipitation intercepted by the canopy (mean ± SE) for stand age 50-150 years. Different superscripts mean statistically 

significant differences among stands types. Statistical comparison were performed with univariate ANOVA. 

 Mediterranean site   Subalpine site  

Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 

Pine stands  15.77 ± 0.53
a
 11.17 ± 2.45

a
 12.45 ± 2.77

a
 5.05 ± 0.27

a
 4.20 ± 1.14

a
 4.87 ± 1.33

a
 

Beech stands 11.33 ± 0.43
b
 7.96 ± 1.93

b
 8.58 ± 2.08

b
 3.78 ± 0.23

b
 2.74 ± 0.90

b
 3.07 ± 0.99

b
 

Mixed stands 15.99 ±0.54
a
 11.19 ± 2.35

a
 11.98 ± 2.42

a
 4.64 ± 0.26

a
 3.88 ± 1.11

a
 4.63 ± 1.36

a
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Figure legends 

 

Figure 1. Natural European distribution of Pinus sylvestris, Fagus sylvatica (EUFORGEN, 2009) and the 

common area between both species. The left upper inset shows the location of experimental plots 

(circles): Mediterranean site (Aspurz) and subalpine site (Garde); weather stations providing historical 

climate (triangles) and weather stations averaged for climate change scenarios projection (stars). Lower 

pictures show images from experimental pine (upper) and beech (lower) stands. 

Figure 2. Climatic diagrams for the study sites for the period 1975-2004 for the Mediterranean site 

(Aspurz) and the subalpine site (Garde). y represents number of years considered; T: mean annual 

temperature (ºC); P: mean annual amount of precipitation (mm). Oblique striped area shows months with 

an absolute minimum temperature below 0 °C. 

Figure 3. (A) Stand complementarity effects on stemwood yield calculated as in Eq. 3. (B) Species 

complementarity effects on stemwood yield at age 150 calculated following Eq. 2. The horizontal axis sums 

up resources gradients that occur between the two sites with different elevation (Mediterranean left side, 

subalpine right side).  

Figure 4. Stand level descriptors in monospecific Pinus sylvestris and Fagus sylvatica stands and pine/beech 

mixtures simulated under historical climate scenario. (A) Total stand growth per year (Mg ha
-1

 year
-1

). (B) 

Soil nitrogen net balance (kg ha
-1

) calculated as the difference between nitrogen released from litter and 

humus and leaching losses. (C) Actual stand canopy transpiration (mm ha
-1

). (D) Ecosystem-level nitrogen 

use efficiency (Mg kg
-1

 N). 

Figure 5. Differences between Pinus sylvestris output parameters in monospecific stands and mixed stands. 

Positive values indicate higher values in monospecific stands relative to mixtures. Thick lines represent 

average and color areas represent 95% and 5% percentiles; the purple area represents the overlap between 

the moderate (blue) and severe (red) climate change scenarios. (A) Amount of nitrogen accumulated in 

foliage biomass per tree (kg N stem
-1

); (B) actual water transpired per tree (mm stem
-1

); (C) transpiration 

deficit index (TDI) as a measure of water stress experienced by the species; (D) and water-use efficiency 

(WUE; Mg mm
-1

).  

Figure 6. Differences between Fagus sylvatica parameters in monospecific stands and mixed stands. 

Positive values indicate higher values in monospecific stands relative to mixtures. Thick lines represent 

average and color areas represent 95% and 5% percentiles; the purple area represents the overlap between 

the moderate (blue) and severe (red) climate change scenarios. (A) Amount of nitrogen accumulated in 

foliage biomass per tree (kg N stem
-1

); (B) actual water transpired per tree (mm stem
-1

); (C) transpiration 

deficit index (TDI) as a measure of water stress experienced by the species; (D) and water-use efficiency 

(WUE; Mg mm
-1

). 
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Figure 7. Stand level descriptors in Pinus sylvestris and Fagus sylvatica mixtures simulated in FORECAST 

Climate under different climate scenarios: historical, moderate (RCP 4.5) and severe climate change (RCP 

8.5). Thick lines represent average and color areas represent 95% and 5% percentiles; the purple area 

represents the overlap between the moderate and severe climate change scenarios. (A) Total stand growth per 

year (Mg ha
-1

 year
-1

). (B) Soil nitrogen net balance (kg N ha
-1

) calculated as the difference between nitrogen 

released from litter and humus and leaching losses. (C) Total actual stand canopy transpiration (mm ha
-1

) 

determined in the forest hydrology model ForWaDy. (D) Impact of climate on decomposition processes in 

the soil layers or Climate Decomposition Factor (CDF; dimensionless). 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 


