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Abstract: Estimating tree height is essential for modelling and managing both pure and mixed forests stands. Although 16 
height-diameter (H-D) relationships have been traditionally fitted for pure stands, attention must be paid in analyzing 17 
how this relationship behavior in stand composed by more than one species. The present context of global change 18 
makes also necessary to analyze how this relationship is influenced by climate conditions. This study tends to cope 19 
these gaps, by fitting new H-D models for 13 different Mediterranean species in mixed forest stands under different 20 
mixing proportions along an aridity gradient in Spain. Using Spanish National Forest Inventory data, a total of 14 21 
height-diameter equations were initially fitted in order to select the best base models for each pair species-mixture. 22 
Then, the best models were expanded including species proportion by area (mi) and the De Martonne Aridity Index 23 
(M). A general trend was found for coniferous species, with taller trees for the same diameter size in pure than in mixed 24 
stands, being this trend inverse for broadleaved species. Regarding aridity influence on H-D relationships, humid con- 25 
ditions seem to beneficiate tree height for almost all the analyzed species and species mixtures. These results may have 26 
a relevant importance for Mediterranean coppice stands, suggesting that introducing conifers in broadleaves forests, 27 
could enhance height for coppice species. However, this practice only should be done in places with a low probability 28 
of drought. Models presented in our study can be used to predict height both in different pure and mixed forests at 29 
different spatio-temporal scales to take better sustainable management decisions under future climate change scenarios. 30 

Keywords: Mixed forests performance; species mixing proportions; climate-smart forestry; Height-Diameter Relation- 31 
ship; Adaptive silviculture; National Forest Inventory Data; NLMM; Programming; Machine Learning 32 
 33 

1. Introduction 34 

Mixed stands have been evidenced as a smart strategy to adapt forest to climate change since they 35 
have showed to provide positive productive and ecosystem services outcomes compared to monocultures 36 
[1-5]. Here, diversity plays a significant role in tree growth, environmental adaptation and improvement of 37 
meeting demands for goods and services [6-8]. Interactions between species may vary with climatic condi- 38 
tions [9, 10] and, hence, climate–growth sensitivity should be explicitly taken into account in modelling 39 
process to consider climate change impact [11]. Hence, development of models that consider known spe- 40 
cies-mixing effects on tree and stand productivity and the potential to improve the resiliency of forestry 41 
under expected climate change is essential to properly design the initial composition and subsequent spatial 42 
arrangement and management for mixed-species stands [12]. 43 

 44 
In this context, estimating diameter at breast height and total tree height is fundamental to both developing 45 
and applying many growth and yield models [13-14]. The height-diameter relationship (H-D) allows us to 46 



 

 

describe stand characteristics and development over time, mean height estimation, stand stability, site in- 47 
dex, and growth [15]. Many height-diameter equations have been developed using only diameter at breast 48 
height as the independent variable for estimating total height [16-21]. However, the height-diameter rela- 49 
tionship varies from stand to stand [15], being significantly influenced by other tree and stand characteris- 50 
tics, such as tree health and vigor, site quality and stand development stage, stand density or competition, 51 
and species mixture in a stand [13,22,23]. We refer to this type of model as “generalized H-D model” [24]. 52 
Thus, the inclusion of additional explanatory variables in the H-D models would make the H-D relation- 53 
ships generalizable over large areas [13,15,25-27]. In Europe, generalized height–diameter models have 54 
been fitted and used since the 1930s [28-35], though still a limited number of studies focused on tree H-D 55 
relationship in mixed forests[23,26,36-39] can be found in bibliography. In this line, recent studies evidence 56 
the strong influence of stand structure and species composition on allometric relationships [40-42]. How- 57 
ever, the magnitude of variations in allometric relationships due to species-mixing is a subject of intense 58 
debate, with evidence of adverse and positive effects that depend on multiple factors operating simultane- 59 
ously [40,43]. Increasing the accuracy of tree height estimates in mixed stands has important implications, 60 
because differences in tree morphology directly affect crown competition, stem volume, biomass produc- 61 
tion, mechanical stability, and wood quality predictions [38,44]. 62 
 63 
On the other hand, climatic conditions are considered one of the main drivers in the biodiversity–produc- 64 
tivity relationships showing a wide range of effects across forests globally [5]. However, for instance re- 65 
sistance and relative resilience to drought in mixed stands might depend on depending on species identity, 66 
functional diversity in mixture, site conditions, developmental stage of the stands [45]. At the same time, in 67 
some recent studies, climate variables such as mean annual temperature and precipitation have been found 68 
to have a significant effect on tree allometry [46,47]. Hence, H-D models usually designed to be climate- 69 
independent will fail to evaluate future scenarios linked to climate change. Previous studies proposed to 70 
include of the concept of limiting resources in the tree allometric relationship. Accordingly, [48] added in 71 
the modelling approach terms representing abiotic stress, i.e., water availability and [49] included the plant 72 
competition symmetry. Tree interactions might be modulated along stress gradients with facilitation being 73 
more common in conditions of high abiotic stress (arid sites) relative to more benign abiotic conditions [48]. 74 
Therefore, a trend towards higher H-D relationship in mixed stands compared to pure could be expected 75 
in the drier and hotter sites, also observed in drought resilience [45]. 76 

 77 
In the present context of global warming, it is essential to analyze and understand how H-D relationship is 78 
influenced by mixed-species dynamics and environment conditions in order to provide a future manage- 79 
ment guideline to adapt Mediterranean forest to climate change. Thus, the inclusion of additional factors 80 
on the H-D relationship in mixed forests, such as species proportions and climatic variables, needs to be 81 
further considered and analyzed. In this study, we hypothesized that species identity and species compo- 82 
sition would define the H-D relationship between in mixed stands compared with pure. We also hypothe- 83 
sized that tree height in mixtures could be benefited under drought conditions compared to pure stands. 84 
In this context, this paper focused on analyzing how identity of competitors and aridity influence the 85 
height-diameter relationship in Mediterranean mixed forests. To achieve that, new generalized H-D models 86 
that allow us to estimate tree total height in mixed forests along a gradient of different mixtures and species 87 
proportions were fit along an aridity gradient in Spain. 88 

2. Materials and Methods 89 

2.1. Data 90 

In this study, data from the second edition of the Spanish National Forest Inventory (SNFI) was used. 91 
The SNFI is a systematic sample where plots are located at the nodes of a kilometer square grid and re- 92 
measured every ten years. SNFI plots are composed of four concentric sample circles of 5 m, 10 m, 15 m 93 
and 25 m radius, where diameter and height of all trees over 7.5 cm, 12.5 cm, 22.5 cm and 42.5 cm breast 94 
height diameter respectively are recorded [50]. Stand-level variables were calculated using tree measures 95 
and expansion factors. Annual mean temperature (T) and annual total precipitation (P) were derived from 96 
Worldclim 2 [51] for the selected SNFI plots (Supplementary Table 1). With the aim of analyzing how spe- 97 
cies composition influences H-D relationship in mixed stands, a broad range of mixing conditions were 98 
considered in our study, selecting both pure and mixed plots (Supplementary Figure 1). We focused on 13 99 



 

 

main tree species: Aleppo pine (Pinus halepensis Mill.), Black pine (Pinus nigra Arnold), Maritime pine (Pinus 100 
pinaster Ait.), Stone pine (Pinus pinea L.), Scots pine (Pinus sylvestris L.), Pinus mugo (Pinus uncinata Turra), 101 
Beech (Fagus sylvatica L.), Portuguese oak (Quercus faginea Lam.), Holm oak (Quercus ilex L.), Sessile oak 102 
(Quercus petraea Matt. Liebl.), Pyrenean oak (Quercus pyrenaica Willd.), Pedunculate oak (Quercus robur L.) 103 
and Cork oak (Quercus suber L.). First, SNFI mixed plots (composed by two main species) were selected 104 
based on the following criteria: (1) the main species are included in the pool of studied species; (2) the 105 
proportion of both species (based on basal area) being higher than 90% and (3) the proportion of each main 106 
species being higher than 15%. SNFI plots were considered as pure if the proportion of basal area of the 107 
main species was 90% or higher. Only pure stands close to mixed stands were taking into account for cre- 108 
ating the study dataset in order to guarantee similar site conditions. To achieve that, a buffer of 3 kilometers 109 
of diameter was created around the dissolved polygon of mixed plots and pure plots, and final plot selec- 110 
tion was made inside the intersection surface. All spatial processes were carried out in QGis software [52]. 111 
We discarded all species compositions with less than 50 mixed plots in the dataset to keep similar site con- 112 
ditions, which results in 29 representative species compositions to be analyzed. 113 

2.2. Model fitting 114 

2.2.1. Base H-D model selection 115 

Model fitting was carried out in two steps. In a first step, basic height-diameter (H-D) models were 116 
fitted for each species and species compositions studied. A total of 14 expressions of H-D equations most 117 
used from the forestry literature (Table 1) were considered. These base candidate models were fitted for 118 
each species and mixture composition using the optimize.curve_fit function from the scikit-learn [53] li- 119 
brary in Python. To validate models and check overfitting, a cross validation bootstrap process was carried 120 
out. Data was splitted into train and test sets in an 80-20 proportion for each pair of mixture composition. 121 
Train set was used to obtaining parameter estimates, since test set was used for model evaluation perfor- 122 
mance. Confidence intervals for each parameter were obtained by using a nonparametric bootstrap proce- 123 
dure, as described by Robinson and Froese [54]. The number of bootstrap replicates was set to 1000. Fol- 124 
lowing this bootstrap procedure, root mean squared error (RMSE) and Akaike Information criterion (AIC) 125 
were obtained for each model. The best H-D base model was selected for each species in a mixture compo- 126 
sition based on parameter significance and model performance (lower AIC and RMSE). Then, selected H- 127 
D base models were expanded to allow the inclusion of competition and climate variables in the H-D rela- 128 
tionships. 129 

2.2.2. Extension of the base H-D models 130 

In a second step, the previously selected H-D base models were expanded including several independ- 131 
ent variables representing stand development, competition, species proportion and climatic conditions. 132 
Since we considered these variables to mostly affect asymptotic parameter (βo) of the base H-D models, this 133 
parameter was further expanded both as a linear (Eq.1) and multiplicative (Eq.2) form as follows: 134 

βo= α0 + α1·BAL + α2·Dq + α3·mi + α4·M + α5·Ho     (1) 135 

βo= α0 · BALα1 · Dqα2 · miα3 · Mα4 · Hoα5       (2) 136 

where βo is asymptotic parameter of base H-D models presented in Table 1; BAL is the basal area of trees 137 
larger than a subject tree, in m2·ha-1; Dq is the quadratic mean diameter, in cm; mi is the species proportion 138 
by area of species i, described below; M is the De Martonne aridity index, in mm·ºC-1; and Ho is the domi- 139 
nant height, in m.  140 

Note that Dq and Ho were tested both at plot and species (Dqi, Hoi) level since preliminary analysis showed 141 
a high correlation between these variables at species level with height estimation, especially for Quercus 142 
species. 143 

 144 

Then, the best H-D model was selected for each species and mixture considering variable significance 145 
and model parsimony using AIC corrected for small sampled size (AICc). After that, we fitted non-linear 146 



 

 

mixed effects models to consider hierarchical and spatial data structure of forest inventory data. Numerous 147 
studies have applied the mixed-effects models to describe H-D relationships and have alleviated this lack 148 
of independence of error terms, improving the model fitting and prediction accuracy [55-58]. To consider 149 
random effects in the expanded H-D models, the following procedure was carried out: Firstly, we tested 150 
plot as random variable based on a similar study [38]. This variable was included iteratively into the differ- 151 
ent parameters of the expanded H-D models to determine the best model for each pair species-species com- 152 
position To allow their comparison, models were fitted using maximum likelihood (ML). Secondly, among 153 
the pool of fitted models, we identified the best expanded mixed-effects H-D model for each pair species- 154 
mixture composition considering model parsimony using an information-theoretic approach. The model 155 
with the lowest AICc and greater Akaike weight (Wi) was considered the best and most parsimonious model 156 
for the observed data relative to the set of alternative models. Finally, the best-fitting expanded H-D func- 157 
tions were re-fitted using the unbiased restricted maximum likelihood method (REML) with R-package 158 
‘nlme’ [55]. To ensure that our modelling strategy has accounted for heteroscedasticity, models were as- 159 
sessed using residuals plots. We assessed the contribution of forest stand and climate variables by looking 160 
at the significance of their respective parameters. 161 

2.2.3. Mixing proportion influence on the H-D relationship in mixed forest stands 162 

We used species proportion by area (mi) to characterize stand composition and to identify the signifi- 163 
cant effects of species interactions on H-D relationships in mixed stands. The species-specific growing space 164 
occupied is relevant for calculation of the mixing proportions, stand density, and quantification of mixing 165 
effects on growth [59,60]. Thus, species mixing proportions might be calculated to avoid bias in the quanti- 166 
fication of the net total mixing effect, as well as in the relative importance of under- or overyielding by 167 
species, due to differences in the potential densities of the species [61]. Competition equivalence coefficient 168 
(CEC) compares species-specific growing space requirements of a species with their value in mixed stands, 169 
and it is calculated as the ratio of potential carrying capacity of both species in pure stands (by means of 170 
maximum stand density index [62] – SDImax). Since recent studies have shown evidence that SDImax varies 171 
with climate [63,64], in this study we obtained climate-dependent CECs (Supplementary Table 2) to calcu- 172 
late species mixing proportions for each species in mixed stands using climate-dependent Maximum Size- 173 
Density Relationship (MSDR) models presented by Rodriguez-de-Prado et al. [65]. 174 

 175 
  176 



 

 

Table 1. Base tree Height-Diameter equations used in this study. h = total tree height; d: diameter at breast height; Ho = 177 
dominant height of the plot; do = dominant diameter of the plot, β0, β1, and β2: model parameters. 178 
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 179 
Therefore, species proportion by area was calculated for each species based on SDI and equivalence 180 

coefficients following similar studies [59,79-81]: 181 

mK = 	
MNOP

MNOP@	MNOQ·STSQ,P
        (3) 182 

CECX,K = 	
MNOYZ[,Q
MNOYZ[,P

              (4) 183 

where mi is the species proportion by area of species i; SDIi is the stand density index of species i; SDIj is the 184 
stand density index of species j; CECj,i is the competition equivalence coefficient for species j, taking as 185 
reference species i; SDImax,i is the climate-dependent maximum stand density index of species i; and SDImax,j 186 
is the climate-dependent maximum stand density index of species j. 187 

To compare the magnitude of mixture effect on tree height the M(ratio) was calculated, following a similar 188 
approach to that of [42]. For each of the studied species and mixtures, tree height for a given diameter vari- 189 
ation according to the species competition environment was estimated for pure stands and mixed stands 190 
using the fitted models for a reference tree of 30 cm diameter and the other independent variables were fixed 191 
to the mean (Supplementary Table 1). M(ratio) was calculated as follows:  192 

\(ratio)b,c,de	 = 	
f(dbg)e,h,ie
f(jklB)e,h,ie	

          (5) 193 

where H(mix) is the estimated mean total height of species i in mixture j, at a species mixing proportion mi, 194 
and H(pure) is the estimated mean total height of species i in mixture j at mi = 1. Thus, we quantified the 195 
relative change on tree height for a tree of 30cm diameter in response to inter specific competition along a 196 
gradient of different species mixing proportions (mi from 0.2 to 0.8). Therefore, when M(ratio) > 1, the estimated 197 
total tree height would be higher in mixed than in pure stands, and lower tree height is expected in mixed 198 
stands when M(ratio) < 1.  199 



 

 

 200 

2.2.4. Climatic influence on H-D relationships in mixed forests stands 201 

The De Martonne Aridity Index (M) was included in the models as a measure of aridity (M = P/(T+10); 202 
mm ºC-1) [68]. Including this index into H-D models allowed us to estimate total tree height along an arid- 203 
ity gradient. Accordantly with Mratio, Cratio was here calculated to analyze potential differences of total tree 204 
height for a given tree diameter (30 cm) between arid and humid environments. All independent varia- 205 
bles (excepting M, and mi = 0. 5) were fixed to the mean values for each species and mixture (Supplemen- 206 
tary Table 1). Cratio was proposed and calculated in this study as follows: 207 

m(ratio)b,c	 = 	
n(opKq)e,h

n(rstKq)e,h	
            (6) 208 

where Harid is the total tree height estimated using fitted models for species i in mixture j along the aridity 209 
gradient, from smallest to the highest values of the De Martonne Index. H(humid) is the estimated total tree 210 
height predicted at the highest De Martonne Index found. C(ratio) depicts the magnitude of relative tree height 211 
for a given diameter higher (C(ratio) > 1) or lower (C(ratio) < 1) in more arid than humid places, respectively. 212 

 213 

3. Results 214 

3.1. New H-D models for mixed forests in Spain 215 

Coefficients for the final best generalized mixed-effects H-D models for each species and mixture are 216 
presented in Table 2. Results indicated that M1 [66] was the most frequently chosen base H-D model among 217 
conifers, while M12 [76] was the most chosen among broadleaves. An exception was found for Pinus syl- 218 
vestris and Pinus uncinata, where M3 [68] and M5 [70] showed better fits H-D relationships respectively. All 219 
the parameters of the expanded H-D models obtained by bootstrap procedure were significant (p-value < 220 
0.05), finding some differences regarding the independent variables entering the models for coniferous and 221 
broadleaves. For the coniferous species, competition (BAL) and species proportion by area (mi) had a sig- 222 
nificant effect explaining height in the models. For these species, the competition at plot level (by means of 223 
Dq) was more times included into the models when mixed with conifers, but Dqi (at species level) was 224 
included more often when mixed with broadleaves. Indeed, for all the Quercus species analyzed, Dqi and 225 
Hoi were included into the H-D expanded models as independent variables. Note that, for almost all the 226 
species and species compositions of broadleaved species, the De Martonne Index (M) was significant with 227 
positive sign, meaning a height increment by humid conditions. For all pairs species-mixture, expanded H- 228 
D models significantly improved the goodness of fit, in terms of AIC and RMSE, compared to the base H- 229 
D models. Among the analyzed species, Pinus pinea and Quercus ilex selected models showed the smallest 230 
RMSE with values ranging 0.80-1.06 m. On the contrary, the highest RMSE values were found for Pinus 231 
sylvestris, Pinus uncinata, Quercus petraea, Quercus pyrenaica and Quercus robur with values close to 1.5 m.   232 

 233 



 

 

 234 

Table 2. Estimated model coefficients for the selected H-D models for the different species and species composition. 235 

 236 

 237 

 238 

 239 

 240 

 241 

  242 

Species Mixture Model Form a0 (Int) a1 (BAL) a2 (Dq) a2 (Dqi) a3 (mi) a4 (M) a5 (Ho) a5 (Hoi) b0 b1 RMSE AIC 

Pinus halepensis Pinus nigra M3 A 0.8740 -0.0097  -0.0092 0.1385     -5.6254 1.0762 5950.45 

Pinus pinaster M1 A 1.2130 -0.0402  0.0431       1.2008 6675.29  
Pinus pinea M1 A  -0.0125  0.0390 1.2598      1.0623 5022.50 

Quercus faginea M1 A    0.0294 1.0935      1.0467 2319.73  
Quercus ilex M1 A 1.3583 -0.0151  -0.0200 1.4876 -0.0307     1.1195 12939.80 

Pinus nigra  Pinus halepensis M5 A 0.9181 -0.0168 0.0797        1.1218 6870.48 

Pinus pinaster M1 A 1.0318 -0.0112 0.0440  0.6216      1.2479 1265284 

  Pinus sylvestris M1 A 1.4454 -0.0137 0.0474        1.2510 35767.45 

Quercus faginea M1 A 0.7447   -0.0319 2.1911      1.2586 8690.03  
Quercus ilex M1 A   -0.0068  -0.0209 2.8952      1.3745 19658.38 

Pinus pinaster  Pinus halepensis M1 A   -0.0173 0.0734  1.5235      1.2239 5962.40 

Pinus nigra M1 A 1.8800 -0.0183 0.0499        1.0761 12580.34  
Pinus pinea M1 M    0.2314 0.3722      1.0464 10159.86 

Pinus sylvestris M1 A 2.7801 -0.0132 -0.0203        1.2119 21720.17 

 Quercus ilex M1 M     2.8266 0.3382     1.1813 5850.48 

 Quercus pyrenaica M1 A  -0.0104  0.0319 1.6618      1.0701 8513.35 

 Quercus suber M3 A -0.6969   0.0137 0.1964     13.9493 1.0751 4130.34 

Pinus pinea Pinus halepensis M5 M     0.0997       0.8100 1898.24 

 Pinus pinaster M1 A 4.0383 -0.0221   1.5266 -0.1198     0.9800 6111.83 

 Quercus ilex M3 A 1.3421   -0.0162  -0.0079    -8.4247 0.8800 3512.50 

 Quercus suber M1 A 2.1130 -0.0258  -0.0460 1.2023      0.9300 1979.70 



 

 

Table 2 Cont. Estimated model coefficients for the selected H-D models for the different species and species composition 243 

 244 

Species Mixture Model Form a0 (Int) a1 (BAL) a2 (Dq) a2 (Dqi) a3 (mi) a4 (M) a5 (Ho) a5 (Hoi) b0 b1 RMSE AIC 

Pinus sylvestris Fagus sylvatica M3 A -0.1063     0.0037    7.1987 1.6100 33678.46 

 Pinus nigra M5 A 0,.8792 -0.0068 0.0465        1.1900 42508.63 

 Pinus pinaster M3 A 0.1674    -0.0846     5.7848 1.3400 29369.08 

 Pinus uncinata M5 A       0.0271     1.6200 22112.05 

 Quercus faginea M5 M     0.1286 0.6005      1.2500 11709.53 

 Quercus ilex M1 A -1.1988 -0.0104  0.0241 1.6356 0.0178     1.3300 14518.65 

 Quercus petraea M5 A          1.3877  1.5300 5481.21 

 Quercus pyrenaica M3 A       0.0038    4.3652 1.4000 33274.37 

Pinus uncinata Pinus sylvestris M5 A       0.0244     1.5200 16426.61 

Fagus sylvatica Pinus sylvestris M5 A   -0.0049  0.0243 0.6819      2.0800 11466.10 

 Quercus petraea M5 A 0.9408 -0.0066 0.0184        1.9300 9802.89 

 Quercus pyrenaica M1 M     0.3293 0.5965 -0.2352     2.1000 9292.34 

 Quercus robur M12 M    -0.1038  -0.0509 0.1244 1.0300   -9.4827 2.4600 5726.19 

Quercus faginea Pinus halepensis M12 M     -0.2481    1.3855  -4.2707 1.0900 355.92 

 Pinus nigra M12 M     -0.3677  0.2853  1.1564  -7.0128 1.0500 1709.34 

 Pinus sylvestris M12 M     -0.3601  0.3284  1.0817  -8.4275 1.3400 3439.68 

 Quercus ilex M1 A 0.7578    0.8303      1.2400 4311.78 

Quercus ilex Pinus halepensis M12 M     -0.2772 -0.0425 0.1651  1.1925  -6.0763 0.9600 5638.96 

 Pinus nigra M12 M     -0.3333  0.1989  1.2466  -6.5164 0.8500 4446.14 

 Pinus pinaster M12 M     -0.1802  0.1547  1.0835  -5.9781 0.8900 2131.00 

 Pinus pinea M12 M     -0.1910  0.1413  1.1488  -6.6968 0.9500 2836.90 

 Pinus sylvestris M12 M     -0.3877 -0.0143 0.2363  1.2026  -6.3941 0.9800 5086.48 

 Quercus faginea M1 A   -0.0282   1.1636 0.0407     0.8700 4927.66 

 



 

 

Table 2 Cont. Estimated model coefficients for the selected H-D models for the different species and species composition 245 

* Form refers to the way whether the asymptotic parameter (β0) is expanded in an Additive (A) or Multiplicative (M) way. See Section 2.2.2. for further explanation.  246 
 247 
Note: Only coefficients of significative (p-value < 0.05) variables are presented for each model. 248 

Species Mixture Model Form* a0 (Int) a1 (BAL) a2 (Dq) a2 (Dqi) a3 (mi) a4 (M) a5 (Ho) a5 (Hoi) b0 b1 RMSE AIC 

Quercus ilex Quercus pyrenaica M12 M     -0.2510    1.4862  -6.8655 0.9300 838.59 

 Quercus suber M12 A     -0.2571 -0.0324 0.2214  1.0963  -7.2568 1.0700 5404.67 

Quercus petraea Pinus sylvestris M12 M     -0.3962  0.3045  1.1671  -9.1325 1.4800 986.33 

 Fagus sylvatica M12 M     -0.2111 -0.0364 0.1916  1.0490  -7.3359 1.6900 3202.77 

Quercus pyrenaica Fagus sylvatica M1 M    0.1170        1.5100 9281.96 

 Pinus pinaster M1 A   -0.0368 0.1155        1.2600 1811.55 

 Pinus sylvestris M1 A   -0.0091  0.0163 1.2693      1.3900 8372.09 

 Quercus ilex M5 A      1.4330      1.3200 1653.03 

 Quercus robur M12 M     -0.2799  0.2404  1.0418  -7.7023 1.8000 883.50 

Quercus robur Fagus sylvatica M12 M     -0.2329  0.3245  0.9650  -11.7381 2.5800 1000.90 

 Quercus pyrenaica M12 M     -0.2167  0.1838  1.0630  -8.1876 1.9800 2032.19 

Quercus suber Pinus pinaster M1 A   -0.0332   2.6535 0.0252     1.0900 2779.01 

 Pinus pinea M1 M     0.3620 0.8264      0.9900 3862.59 

 Quercus ilex M1 A 1.4835 -0.0386 0.0578  0.8232      1.1200 8671.20 



 

 

 249 
3.2. Species mixing influence on H-D relationships 250 

Figure 1 shows the height variation at the same diameter size under different species mixing propor- 251 
tions in mixed forest stands for the studied species. A general trend was found for Pinus species (Figure 1, 252 
a~f), with taller trees in pure than in mixed stands (Mratio < 1). However, an exception was found in for Pinus 253 
sylvestris in Pinus sylvestris-Pinus pinaster mixture (Figure 1e), with slightly higher trees at the same diameter 254 
size in mixture than pure stands of this species. Pinus uncinata height was nearly insensitive to proportional 255 
area change and mixed and pure forest allometry (Figure 1f). On the other hand, an inverse trend was found 256 
for broadleaved species, where trees were comparatively taller (~2-8%) in mixed stands than in pure ones 257 
(Figure 1 g~m) at the same diameter size. Among them, Fagus sylvatica, Quercus faginea and Quercus robur 258 
height was comparatively stable under different species mixing, finding similar estimated tree heights both 259 
in pure and mixed forests (Figure 1 g,h,l). Among the conifers, the highest differences in height between 260 
mixed and pure stands were observed for Pinus nigra (Figure 1b), when mixed with Quercus faginea and 261 
Quercus ilex (~10% reduction of height in mixtures). Regarding broadleaved species, Quercus ilex showed a 262 
high difference between mixed and pure stands when mixing with Pinus halepensis (Figure 1i), with taller 263 
trees at the same diameter in mixed stands. This trend was also found for Quercus suber and Pinus pinaster 264 
mixture (Figure 1m); Quercus petraea also presented significant differences in height respecting pure stands 265 
when mixed with Fagus sylvatica (Figure 1j). 266 

3.3. Aridity influence on H-D relationships 267 
The variation of height at the same diameter size under different aridity conditions, by terms of the De 268 

Martonne Aridity Index, is presented in Figure 2. According to our results, taller trees could be found in 269 
more humid conditions for almost all the analyzed species and species mixtures. Based on estimated height 270 
along an aridity gradient, results also indicated that conifers studied here are less sensitive to changes in 271 
aridity than broadleaved species (Figure 2). Among the studied species and species compositions, aridity 272 
influence was nearly insignificant for Pinus nigra, Pinus pinaster and Quercus suber (Figure 2 b,c,m). Two 273 
different trends were found regarding climatic influence on height for conifers. On one hand, Mediterra- 274 
nean conifers such as Pinus halepensis (Figure 2a) and Pinus pinea (Figure 2d) are approximately 5% higher 275 
in more arid than humid conditions (Cratio < 1) when mixed with Quercus ilex, mainly. Oppositely, estimated 276 
heights for species living at higher altitudes such as Pinus sylvestris (Figure 2e) and Pinus uncinata (Figure 277 
2f) presented higher values at more humid environments (Cratio > 1), although these differences were nearly 278 
insignificant (~1-2%). Broadleaved species (Figure 2, g~m) seemed to be highly influenced by aridity ac- 279 
cording to their height estimations, excepting Quercus suber. Among them, the highest differences in height 280 
between arid and humid conditions were found for Quercus faginea in mixture with Pinus sylvestris (Figure 281 
2h) and Quercus robur in mixture with Fagus sylvatica (Figure 2l), with values close to 15% (height difference 282 
in humid compared drought sites). Figure 3 shows total tree height estimations (Y-axis) along the diameter 283 
distribution of each species in each mixture (X-axis) under different values of dominant height. Here, we 284 
can see that trends in aridity-height found for each species and mixture are constant under different tree 285 
sizes and stand developmental stages. In the case of Pinus halepensis, taller trees were found in more arid 286 
than in less arid places for all sizes and developmental stages (Figure 3a) when mixed with Quercus ilex. On 287 
the other hand, height estimations for Quercus robur when mixed with Fagus sylvatica indicated that, under 288 
the three simulated stand developmental stages, taller trees were found in more humid places than in more 289 
arid places (Figure 3b).  290 
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 315 
Figure 1. Variation of height under different species mixing proportions (mi – X-axis) based on the 316 
M(ratio) (Y-axis). Note: M(ratio) represents whether height in mixed forests is higher (M(ratio) > 1) or 317 
lower (M(ratio) < 1) than pure stands. All independent variables (excepting mi) have been fixed to 318 
the mean of each species. 319 
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 345 

Figure 2. Variation of height along the aridity gradient (X-axis), being Arid the lowest M value 346 
and Humid the highest M found in the distribution of each species in each mixture composition. 347 
Note: C(ratio) ratio (Y-axis) represents whether height in mixed forests is higher (C(ratio) > 1) or lower 348 
(C(ratio) < 1) in more arid than humid places. All independent variables (excepting M and mi = 0. 5) 349 
have been fixed to the mean values for each species. 350 
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Figure 3. Aridity influence in terms of the De Martonne Index (M), on H-D relationship for different stand domi- 362 
nant height (Ho) in (a) Pinus halepensis mixed with Quercus ilex and (b) Quercus robur mixed with Fagus sylvatica, 363 
depending on parameter significance from selected H-D models. Diameter at breast height (d, in centimeters) is 364 
represented in X-axis, since total tree height (h, in meters) is represented in Y-axis. 365 

Aridity-Total height relationship for different sizes and developmental stages are available for the remain- 366 
ing species of study in Supplementary Figure 2.  367 

 368 

4. Discussion 369 
This study presents novel non-linear height-diameter models for predicting tree height in Mediterra- 370 

nean mixed forests under different species mixing proportions and aridity conditions. Here, we evidenced 371 
that stand composition, target species, identity of competitors and aridity conditions modulate H-D rela- 372 
tionship for the species and mixtures analyzed, resulting in positive, neutral or negative effects on H-D 373 
relationships. Compared with existing models to estimate tree height in Spain [83], our work contributes 374 
with H-D models accounting for aridity conditions and species composition in the estimates in addition to 375 
tree competition and plot-level factors. Tree height estimates accurately represent species mixing propor- 376 
tions and aridity conditions will improve derived upscaling volume estimations from tree to stand level. 377 
Hence, our results could be important to support management and policy decision for Mediterranean for- 378 
ests under the context of climate change, especially for mixed stands.  379 

4.1. Total tree height response to species mixing proportions 380 
The information on tree heights obtained from H-D models is essential in forest inventories for com- 381 

puting tree volumes and evaluate tree slenderness which could be related to stand stability [84]. Our results 382 
showed that tree volume seemed to be higher in pure stands for conifer, but with lower stability (high 383 
slenderness) increasing risk to windstorm. On the contrary, slenderness and tree volume increases in mix- 384 
tures for broadleaves species, which could be key to stimulate tree development for Mediterranean coppice 385 
stands. Taking into account species mixing proportions in mixed forest studies is key to understand differ- 386 
ences in tree and stand variables of a given species [81]. In this line, our results suggested that conifers 387 
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studied here could be taller at the same diameter size in pure than in mixed forest stands (Figure 1 a~f). We 388 
hypothesized that it may be caused by species-specific traits, such as pines are pioneer and shade intolerant 389 
species, so they are very sensitive to growing under broadleaves cover. This depends primary on species 390 
identity, i.e., shade tolerance is caused for plant ontogeny and influenced by numerous biotic and abiotic 391 
factors [85]. Shade tolerance represents how species intercept light and how efficiently it is converted into 392 
photosynthates, hence, we would expect that mixtures of different shade tolerance could affect tree light 393 
competition, growth and H-D relationship. Accordingly, [86] showed that species-specific shade tolerance 394 
may affect tree allometry and be age mediated. 395 

 396 
Among the conifers studied here, Pinus nigra showed the biggest differences in height between mixed 397 

and pure stands (Figure 1b), especially when mixed with oaks. It is known that, although this is a high 398 
shade tolerant species compared to other Mediterranean pines, water limitation could drastically limit its 399 
distribution in Mediterranean plant communities [87-88]. An exception among conifers studied here was 400 
found in Pinus sylvestris mixed with Pinus pinaster, with higher trees at the same diameter size found in 401 
mixed than in pure stands, although the M(ratio) keeps close to 1 along all the mixing proportions gradient 402 
(Figure 1e). A similar trend was found by Riofrio et al. [38] for this species and mixture composition from 403 
SNFI data. Another related explanation to these patterns could be due to differences in species growth rates. 404 
When the mixture occurs between two species with different growth rates, the estimated height for the pure 405 
stand may be higher at the same stage of development. This seems logical because all trees in a regular pure 406 
stand grow very similarly and in a regular way, maintaining the upper average and competing for light 407 
availability. This is much more evident for pine in conifer-broadleaved mixtures, where the latter do not 408 
grow as much in height and the crown structure is not pyramidal [37], increasing inter-specific competition 409 
for pine species. Competition may also explain our results found for Quercus petraea when mixed with Fagus 410 
sylvatica (Figure 1j), with great differences in height at the same diameter size between mixed and pure 411 
stands for oak species. In mixture, we hypothesized that the growth rate of the light-demanding oak is 412 
supposed to be higher than the shade tolerant [3]. Thus, an increase of beech proportion in mixture could 413 
reduce intra-specific competition for oak and enhance height for this species. However, this contradicts 414 
Ligot et al. [90] observations in forests of Central Europe, where oak trees were systematically outcompeted 415 
by beech in the mixture, preventing also oak regeneration. Focusing on broadleaved species, and contrary 416 
to conifers, a common trend was found where higher trees at the same diameter size were found in mixed 417 
stands (Figure 1 g~m). Among other reasons, this inverse trend could be due to stand stratification pro- 418 
moted by silvicultural history. Silviculture can accelerate growth of different species in mixtures, affecting 419 
stand composition, structure and dynamics [91]. In some stands, one of the species in the mixture may 420 
historically experience repeated fires, grazing or silvicultural treatments (cutting) to favor the other species. 421 
This can be the case of Quercus-Pinus mixtures analyzed, where H(mix)/H(pure) ratios higher than 1 for broad- 422 
leaved in mixed stands may suggest a positive effect of mixture. Note that the proposed M(ratio) index relied 423 
on species plasticity in tree allometry in response to competition, which accordingly to Pretzsch (2014) [2] 424 
can be defined as the capacity of the species to change tree allometry under different competitive environ- 425 
ments. As broadleaves coppice forests are wide extended in Mediterranean areas, we think that the mixture 426 
with conifers, may reduce the intra-specific competition and therefore, may facilitate the apparition of taller 427 
trees. In this sense, our results may have a relevant importance for Mediterranean coppice stands, suggest- 428 
ing that introducing or combing conifers in broadleaved forests, could enhance the height-diameter rela- 429 
tionship, obtaining taller trees at the same diameter for coppice species. This practice would also increase 430 
the ecosystem services and productivity, so it has been commonly used in reforestation [92]. Differences in 431 
trends between conifers and broadleaved species studied here could be also explained based on initial SNFI 432 
selected plots, which could have different stand structures and development stage of the species, as shown 433 
in Supplementary Figures 3 and 4. It seems that in conifer mixtures, the size of the trees seems to be different 434 
in strict Mediterranean species (Pinus halepensis, Pinus pinaster, Pinus pinea) than in montane species (Pinus 435 
sylvestris, Pinus nigra, Pinus uncinata), probably as a consequence of the character of greater shade intoler- 436 
ance. In addition, as the stand distribution for a species moves away from its ideal ecological niche, compe- 437 
tition with other more adapted and opportunistic species appears. If the second or third species is equally 438 
or better adapted, it leads to the formation of mixed stands. This can be the reason why Quercus species 439 
may perform better in mixtures (mainly broadleaved-conifer as Quercus ilex-Pinus halepensis or Quercus su- 440 
ber-Pinus pinaster) than pines, since they naturally form this kind of mixed forests. Differences in water 441 
uptake depth appears to be stimulated in mixed forests because Quercus ilex surrounded by Pinus halepensis 442 



 

 

explores deeper water sources than in monospecific formations [93]. We observed that shade-tolerant spe- 443 
cies as Fagus sylvatica, Quercus robur and Pinus uncinata, were no affected by mixture, regardless species 444 
composition. This may be due to shade tolerant species have high plasticity for certain traits, particularly 445 
for morphological features which optimizing light capture [85], so a high canopy cover promoted by mixed 446 
stand seems to be practically irrelevant. 447 

4.2. Total tree height response to aridity 448 
We observed a significant climatic influence on H-D relationship for the mostly species under study, 449 

in line with similar research in the topic [46]. Including climatic related variables in the H-D models could 450 
be the key to design forest prescriptions under different present and future environmental conditions [94]. 451 
A basic assumption in tree allometry studies is that, as long as site conditions are homogenous, trees of a 452 
given species, at a given location, with the same diameter at breast height, would have the same height [80]. 453 
But climatic conditions change over locations and time, and they could contribute towards species-specific 454 
dynamics [95-96]. In this context, it is well known that height–diameter relationships depend heavily on 455 
local environmental conditions [97]. In the present scenario of climate change, the fluctuating climatic con- 456 
ditions may have a positive or negative influence in the H-D relationship influence positively [46]. We ob- 457 
served that for most of the mixtures analyzed here, total tree height along a diameter range was reduced 458 
under drought conditions (Figure 2). However, two exceptions opposed to this trend were observed: Pinus 459 
halepensis-Quercus ilex (Figure 2a) and Pinus pinea-Pinus pinaster (Figure 2d). While in the first case it may 460 
be due to a reduction of intra-specific competition for Pinus halepensis during drought conditions, in the 461 
second one, it could be due to a facilitation process, i.e., a complementarity in the use of resources [98]. Due 462 
to its stronger plastic character and its potential adaptability, Pinus halepensis has been demonstrated to be 463 
the most suitable species in terms of tree growth in arid sites of Spain [99]. A more efficient use of below- 464 
ground water resources due to different root stratification could be also speculated for these mixtures, 465 
which allows for a better exploration of the soil profile [93,100]. Therefore, these species could use more 466 
resources to strengthen the root system than the aerial system as aridity increases.   467 

Potential changes in height due to changes in aridity may be higher in Mediterranean broadleaved 468 
than conifers studied here, suggesting that allometry of oak species in Spain may be highly affected by 469 
future climate change. We hypothesized that the differences between species on water use efficiency may 470 
underlay this process. Pinus species can maintain a relatively stable leaf water potential by strict stomatal 471 
control during drought events (isohydric strategy). On the other hand, broadleaves have not a discernible 472 
threshold of minimum water potential response, i.e., a light stomatal control under drought conditions 473 
(anisohydric behavior) [98-101]. Consequently, higher competition for water use resources in arid sites are 474 
expected for broadleaves when mixed with conifers [102]. Our results are in line with this hypothesis, as 475 
shown especially for Quercus faginea when mixed with Pinus sylvestris (Figure 2h). As previously observed 476 
in other oak-pine mixture compositions [103], the impact of soil water deficit on species may be worsened 477 
in mixtures, but mixture of species with different growth sensitivities to the seasonality of the drought 478 
periods might help to buffer these effects.  479 

 480 

5. Conclusions 481 
Data from the Spanish National Forest Inventory (SNFI) were used to estimate the H-D relationship 482 

covering thirteen species in twenty-nine different species compositions in Spain. The modified generalized 483 
mixed model was more adequate for modeling the height–diameter relationship of the trees species groups 484 
over the base H-D models. We found, a significant contribution of climate and stand species composition 485 
variables in modifying H-D relationship. Regarding species mixing proportions, taller trees at the same 486 
diameter size were found in pure for conifers and mixed stands for broadleaved species studied here. Based 487 
on aridity conditions, in general, taller trees at the same diameter are supposed to be found in more humid 488 
conditions, with exceptions found for Pinus pinea and Pinus halepensis species in species-specific mixtures. 489 
The broadleaved and conifer mixed stands showed different patterns. Broadleaves species are more sensi- 490 
tive to prone drought sites. The use of forest inventory data allowed us to take into account a wide range 491 
of different species and conditions (climatic, soils, competition, species composition or mixtures). H-D mod- 492 
els presented in this study permits to save time and effort by predicting tree heights instead of performing 493 
direct measurements. The use of new programming techniques such as machine learning and deep learning 494 



 

 

applied to more precise data (LiDAR and satellite imaginery) could help us obtaining more precise height 495 
estimations in the future within the scope of further research. H-D models presented in our study can be 496 
an important tool to estimate height at different spatio-temporal scales in order to take better sustainable 497 
management decisions under future climate change scenarios.  498 

 499 
 500 
 501 
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