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Abstract: Iberian holm oak meadows are savannah-like ecosystems that result from 

traditional silvo-pastoral practices. However, such traditional uses are declining, driving 

changes in the typical tree – open grassland structure of these systems. Yet, there are no 

studies integrating the whole ecosystem — including the arboreal and the herbaceous 

layer — as drivers of greenhouse gas (GHG: CO2, CH4 and N2O) dynamics. Here we aim 

at integrating the influence of tree canopies and interactions among plant functional types 

(PFT: grasses, forbs, and legumes) of the herbaceous layer as GHG exchange drivers. For 

that purpose, we performed chamber-based GHG surveys in plots dominated by 

representative canopy types of Iberian holm oak meadows, including Quercus species and 

Pinus pinea stands, the last a common tree plantation replacing traditional stands; and 

unravelled GHG drivers through a diversity-interaction model approach. Our results 

show that the tree – open grassland structure especially drove CO2 and N2O fluxes, with 

higher emissions under the canopy than in the open grassland. Emissions under P. pinea 

canopies being higher than those under Quercus species. In addition, the inclusion of 

diversity and compositional terms of the herbaceous layer improve the explained 

variability, legumes enhancing CO2 uptake and N2O emissions. Changes in the tree cover 

and tree species composition, in combination with changes in the structure and 

composition of the herbaceous layer, will imply deep changes in the GHG exchange of 

Iberian holm oak meadows. These results may provide some guidelines to perform better 

management strategies of this vast but vulnerable ecosystem. 

Keywords: Canopy, CH4, CO2, dehesas, diversity-interaction model, N2O, 

plant functional types.  
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1. Introduction 

Holm oak meadows, also called dehesas in Spain and montados in Portugal, are 

semi-natural savannah-like agroecosystems that result from the thinning of the 

Mediterranean forest, in which an herbaceous and an arboreal (mostly Quercus species) 

layer coexist. They are one of the largest agroforestry systems in Europe [1], covering 

3.5 – 4 million ha, mostly along the South-West of the Iberian Peninsula [2], and are also 

present in other world regions with Mediterranean climate, mainly in California [3–5]. 

Also, Mediterranean savannahs, with trees belonging to different taxonomic groups, can 

be found in South Africa, south-western Australia and central Chile [4].  

Holm oak meadows have traditionally provided a wide variety of goods and services, 

including pasture for livestock, acorns, timber, and cork; being ecosystems of high cultural 

and economic value. Such traditional uses have shaped holm oak meadows into a matrix 

of trees and open grassland, driving ecosystem properties. However, the tree cover is 

changing with the consequent implications that this may have on ecosystem functioning, 

since traditional uses are declining towards intensive farming; plantations of fast-growing 

trees, mostly Eucalyptus and Pinus species; shrub encroachment due to land abandonment; 

and there is a worrying lack of tree regeneration [6,7]. 

Hence, although the canopy influence has been described to some extent on soil [8–

11], vegetation structure [12–14] and composition [4,15,16], few studies have assessed the 

tree – open grassland structure influence on greenhouse gas (GHG: CO2, CH4 and N2O) 

exchange. Indeed, the only studies about GHG exchange conducted in Iberian holm oak 

meadows (dehesas) have mainly focused on the canopy effect on CO2 fluxes [14,17–21], 

although with divergent results. Some authors have described an enhancement of soil 

respiration rates under the canopy compared to the open grassland [17,21], related to a 

higher soil C and N content, despite lower soil temperature. While on the other hand, 

increased CO2 exchange rates in the open grassland have also been reported, due to higher 

herbaceous biomass and light availability, as main drivers of CO2 uptake; and due to higher 

soil temperature, as main driver of CO2 release [14]. On the other hand, the only previous 

studies addressing CH4 and N2O exchange in Iberian holm oak meadows, were conducted 

by Shvaleva et al., (2015, 2014); which related CH4 and N2O emissions to soil water content, 

but the effect of soil water content was dependent on the canopy [22]. 

Furthermore, there is a lack of studies integrating the whole ecosystem structure and 

composition, combining the arboreal and the herbaceous layer, and assessing how both 

interact to drive GHG exchange. To this regard, sorting the wide variety of species of the 

herbaceous layer into plant functional types (PFT) provides a mechanistic link between 

diversity and ecosystem functioning [24]. However, most diversity-GHG studies have 

focussed on the effect of specific or functional diversity on GHG dynamics [25,26], but 

many fewer have disentangled identity and interaction effects among PFT [27].  

Accordingly, in the present study we aim at integrating the influence of trees and the 

herbaceous layer structure and composition as GHG exchange drivers. In particular, 

aiming at (1) assessing the canopy effect under representative canopy types of Iberian holm 

oak meadows, including traditional Quercus species and Pinus pinea L. stands, the last a 

common tree plantation replacing traditional canopies; and (2) unravelling the influence of 

the main PFT of the herbaceous layer, using a diversity-interaction modelling approach.  

2. Materials and Methods 

2.1 Study sites and sampling design 

Field work was carried out in spring (05/04/2016 – 10/04/2016) and autumn 

(13/12/2016 – 17/12/2016), coinciding with the most productive moments of the system, to 

capture seasonal variability of the studied variables and effects that may be season 

dependent. Study plots were distributed in two locations in the South-West of the Iberian 
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Peninsula: Doñana Natural Park (DN, 37° 15' 34" N, 6° 19' 55" W, 30 m a. s. l.) and Sierra 

Morena mountains (SM, 37° 39' 50" N, 5° 56' 20" W, 296 m a. s. l.). Both locations have 

Mediterranean climate regime with warm, dry summers, and mild winters [28]. Mean 

annual temperature in DN is 18.1 ºC and in SM is 16.8 ºC, and mean annual precipitation 

in DN is 543 mm and in SM is 648 mm. Grassland in both locations is dominated by 

herbaceous annual species, including grasses, non-legume forbs (hereafter “forbs”) and 

legume forbs (hereafter “legumes”). Both locations are extensively grazed at similar 

stocking rates: DN grazed by goat and cattle (0.40 livestock units (LSU) ha−1), and SM by 

cattle and Iberian pigs (0.36 LSU ha−1).  

To characterize soil properties of the study plots, soil samples were extracted and 

analysed according to standard methods (Table 1). Texture in the SM-ilex plot varied from 

sandy clay loam (0 – 40 cm depth) to clay (40 – 80 cm depth). All DN soils had a sandy clay 

loam texture, except the deeper layer of the DN-suber plot, which was sandy loam. The 

SM-ilex plot had a slightly acid pH and DN plots had a neutral-basic pH. Organic C was 

very low in all the plots (Table 1), although the value in the first 30 cm of the DN-pinea plot 

was markedly above the average. Total N was in general also quite low (Table 1).  

Table 1. Soil characteristics per plot and depth. Soil analysis performed according to 

standard methods: pH [29], organic C [30], total N (Elemental analyser CNS-Trumac, 

LECO Corporation, MI, USA) and texture [31]. 

 

Study plots were selected according to their tree composition, with representative 

canopy types of Iberian holm oak meadows. One pure Q. ilex stand, in the SM location (SM-

ilex), and one pure Q. suber stand in the DN location (DN-suber), both the most abundant 

stands; one Q. ilex and Q. suber mixed stand (DN-mixed), the next most abundant; and a 

pure Pinus pinea L. stand (DN-pinea), a common tree plantation replacing traditional 

canopies [6]. 

Study treatments were therefore established according to: plot (SM-ilex, DN-mixed, 

DN-suber and DN-pinea), season (spring and autumn), and canopy (open grassland, OG, 

and under the canopy, UC). Tree individuals of the UC treatment of each species were 

selected with similar cross section (Q. ilex 0.15 ± 0.02, Q. suber 0.31 ± 0.03 and P. pinea 0.28 ± 

0.06 m−2). Also, sampling points of the UC treatment were always placed at 1 m distance 

from the selected tree trunk, and sampling points of the OG treatment were placed at a 

minimal distance of 3 m from the selected tree, clearly outside the canopy influence. 

Sampling points were systematically placed following the north orientation respect to the 

tree trunks.  

For each treatment level we selected 3-4 replicates, totalling 73 sampling points. In the 

DN-mixed plot we discriminated between both Quercus species (Q. suber and Q. ilex) to 

establish sampling points. However, preliminary comparative analysis in the DN-mixed 

plot on environmental and vegetation characteristics under the canopy of both Quercus 

species indicated no relevant differences. DN-mixed plot results are then always presented 

combining both tree species.  

Plot SM-ilex DN-mixed DN-suber DN-pinea 

Depth (cm) 0 – 40 40 – 80 0 – 30 30 – 60 0 – 30 30 – 60 0 – 30 30 – 60 

pH 6.7 7.2 7.9 7.8 7.5 7.8 7.0 7.4 

Organic C (%) 0.80 0.30 0.32 0.34 0.60 0.02 1.52 0.51 

Total N (%) 0.85 0.60 0.15 0.04 0.06 0.05 0.20 0.11 

Clay (%) 18 30 10 11 13 4 16 16 

Silt (%) 29 28 25 15 18 9 22 21 

Sand (%) 54 42 65 74 69 87 62 63 
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At each sampling point we hammered a metal collar (h = 8 cm, diameter = 25 cm), 

which was necessary for measuring GHG exchange (Section 2.2), and that defined the area 

in which vegetation (Section 2.3) and soil (Section 2.4) were sampled.  

2.2 Greenhouse gas exchange (GHG) measurements 

To measure GHG exchange, including CO2, CH4 and N2O, we used a portable 

gas-exchange system, consisting of a cylindrical chamber (volume = 0.019 m3), connected 

to photoacoustic spectroscopy gas analyser (PAS, INNOVA 1412, LumaSense 

Technologies, Denmark). Flux measurements were done closing the chamber over intact 

vegetation, at light and dark (covering the chamber) conditions. Afterwards, we harvested 

the vegetation inside the metal collar and performed bare soil measurements at dark 

conditions. As a result, 219 flux measurements (73 sampling points x 3 different conditions) 

were recorded. In the case of CO2, resulting fluxes measured over vegetation at light 

conditions can be approximated as net ecosystem CO2 exchange (NEE); over vegetation at 

dark conditions can be approximated as ecosystem respiration (Reco); and on bare soil at 

dark conditions can be approximated as soil respiration (Rsoil). In the case of CH4 and N2O 

we did not detect significant differences among measuring conditions. Therefore, we 

present the average value considering all three measuring conditions [32]. 

Flux measurements, flux calculation and data quality checks were done according to 

Debouk et al. (2018), including a fitting goodness assessment based on the RAdj2 value, and 

filtering fluxes below detection limit, calculated as the standard deviation of the ambient 

concentration over the measuring time. Negative values refer to the flux from the 

atmosphere to the biosphere and positive values correspond to the flux from the biosphere 

to the atmosphere, according to the micrometeorological sign convention [33]. 

Ancillary meteorological variables were recorded to calculate and model GHG fluxes, 

as well as to characterize microclimatic sampling conditions (summarized in Figure S1): 

photosynthetically active radiation (PAR) outside the chamber (AccuPAR model LP-80 

PAR/LAI ceptometer, Decagon Devices, Inc. Washington, USA); air temperature (Ta) inside 

and outside the chamber (multi-logger thermometer, TMD-56, Amprove, Washington, 

USA); soil temperature (Ts) 1-10 cm; and soil water content (SWC, gravimetric method, 

Section 2.4). 

2.3 Vegetation sampling 

After GHG measurements were done, we harvested the vegetation at ground level at 

each sampling point. Thereafter, in the laboratory, we separated the vegetation into 

aboveground biomass (AGB) and litter (dead plant material detached from the herbaceous 

vegetation and tree leaves on soil surface). All fractions are summarized in Figure S2. In 

addition, we separated the AGB into PFT (forbs, grasses and legumes, proportions 

summarized in Figure S3). Vegetation was oven dried at 60 ºC until constant weight. 

2.4 Belowground biomass sampling and soil water content determination  

Two soil cores of 9 cm2 surface and 0-10 cm depth were extracted at each sampling 

point. In the laboratory, one of the cores was washed and filtered with a 0.2 mm pore size 

strainer to obtain belowground biomass (BGB). The second core was used for SWC 

determination by gravimetric method, as the difference between fresh and dry soil weight. 

Both, BGB and soil samples were oven dried at 60ºC until constant weight.  

2.5 Data analysis: greenhouse gas exchange modelling 

To assess main GHG (CO2, CH4 and N2O) drivers, especially focussing on the influence 

of trees and the herbaceous layer structure and composition, we run a diversity-interaction 

modelling [34,35]. The modelling compares a null model, in which the response variable is 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2020                   doi:10.20944/preprints202011.0220.v1

https://doi.org/10.20944/preprints202011.0220.v1


 5 of 22 

 

not affected by plant diversity and/or composition, to models that address diversity and 

composition at different levels. In our study, we compared the null model (Equation 1), in 

which the corresponding GHG depended only on treatment variables, including plot, 

season and canopy; environmental variables, including PAR (μmol photons m−2 s−1), 

temperature (T, ºC) and SWC (fraction); and structural components of the herbaceous layer, 

including AGB, litter and BGB (g DW m−2):  

Equation 1. Null model 

𝐺𝐻𝐺 = 𝛽𝑃𝑙𝑜𝑡𝑃𝑙𝑜𝑡 +  𝛽𝑆𝑒𝑎𝑠𝑜𝑛𝑆𝑒𝑎𝑠𝑜𝑛 ∗  𝛽𝐶𝑎𝑛𝑜𝑝𝑦𝐶𝑎𝑛𝑜𝑝𝑦 + 𝛽𝑇𝑇 + 𝛽𝑆𝑊𝐶𝑆𝑊𝐶 + 𝛽𝑃𝐴𝑅𝑃𝐴𝑅

+  𝛽𝐴𝐺𝐵𝐴𝐺𝐵 + 𝛽𝐿𝑖𝑡𝑡𝑒𝑟𝐿𝑖𝑡𝑡𝑒𝑟 +  𝛽𝐵𝐺𝐵𝐵𝐺𝐵 + 𝜀 

to models that included PFT composition and diversity of the herbaceous layer in 

different ways: 

(a) Identity model, which includes PFT identity effects, meaning the biomass 

proportion of each PFT (Equation 2):  

Equation 2. Identity model 

𝐺𝐻𝐺 = 𝑁𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙 +  𝛽𝐹𝑃𝐹 +  𝛽𝐺𝑃𝐺 + 𝛽𝐿𝑃𝐿 +  𝜀 

 

(b) Average interaction model, which includes PFT identity effects, plus evenness —

calculated according to Kirwan et al. (2007) —, and which acts as an average 

interaction term (Equation 3): 

Equation 3. Average interaction model 

𝐺𝐻𝐺 = 𝑁𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙 + 𝛽𝐹𝑃𝐹 +  𝛽𝐺𝑃𝐺 + 𝛽𝐿𝑃𝐿 + 𝑒𝑣𝑒𝑛𝑛𝑒𝑠𝑠 +  𝜀 

 

And, (c) specific interaction model, which includes specific interactions between PFT 

in addition to the identity effects (Equation 4): 

Equation 4. Specific interaction model 

𝐺𝐻𝐺 = 𝑁𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙 + 𝛽𝐹𝑃𝐹 +  𝛽𝐺𝑃𝐺 + 𝛽𝐿𝑃𝐿 + 𝛽𝐹𝐺𝑃𝐹𝑃𝐺 + 𝛽𝐹𝐿𝑃𝐹𝑃𝐿 + 𝛽𝐺𝐿𝑃𝐺𝑃𝐿 + 𝛽𝐹𝐺𝐿𝑃𝐹𝑃𝐺𝑃𝐿 + 𝜀 

 

Where P indicates the proportion of the given PFT and the sub-index F indicates forbs, 

G grasses and L legumes respectively. The models were run without intercept to test the 

effect of all three PFT at the same time [34]. Models were compared at each step of 

modelling by analysis of variance (ANOVA) to test significant differences between models. 

The most explicative and parsimonious model of each GHG is shown and discussed.  

 

3. Results 

3.1 CO2 exchange 

CO2 net uptake was similar in spring and autumn (NEE, Figure 1.A), while CO2 

emissions (Reco and Rsoil, Figure 1.A) were lower in autumn than in spring (season effect, 

Table 2). The SM-ilex plot showed the highest net CO2 uptake rates (NEE, Figure 1.A) and 

the highest Reco rates in the open grassland (Figure 1.A); while DN-pinea was the plot with 

the highest CO2 emissions under the canopy (Reco and Rsoil, Figure 1.A).   
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Figure 1. Greenhouse gas exchange per plot, season, and canopy: open grassland (OG) and 

under the canopy (UC). (A) Net ecosystem CO2 exchange (NEE), ecosystem respiration 

(Reco) and soil respiration (Rsoil); (B) CH4 and (C) N2O exchange. Mean ± standard error. 

Thus, the canopy itself had a strong influence over CO2 fluxes. Generally, NEE under 

the canopy was dominated by CO2 emissions (canopy effect, t = 5.58, p < 0.001, Table 2), 

NEE being strongly driven by PAR (PAR effect, t = −4.58, p < 0.001, Table 2). The exception 

was the SM-ilex plot, where there was net CO2 uptake under the canopy, instead of 

emissions (NEE, Figure 1.A).  

On the other hand, Reco decreased under the canopy compared to the open grassland 

in spring but increased under the canopy in autumn (season x canopy effect, t = 4.73, 

p < 0.001, Table 2). Rsoil increased under the canopy, especially in autumn (season x canopy 

effect, t = 2.40, p = 0.02, Table 2), Rsoil being enhanced by Ta (Ta effect, t = 3.06, p = 0.003, 

Table 2) and BGB (BGB effect, t = 2.21, p = 0.03, Table 2).  
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Table 2. CO2 exchange diversity-interaction model results. Net ecosystem exchange (NEE), ecosystem respiration (Reco) and soil respiration (Rsoil) as function of plot, season, 

canopy, photosynthetically active radiation (PAR), air temperature (Ta), aboveground biomass (AGB), belowground biomass (BGB) and plant functional type (forbs, grasses 

and legumes) proportions. Season with spring as reference level, and canopy with open grassland (OG) as reference level. Estimates of the explanatory variables (Est.), 

standard error (SE), t and p-value.  

 
CO2 flux (µmol m−2 s−1) 

 NEE Reco Rsoil 

 Specific interaction model Null model Null model 
 Est. SE t p Est. SE t p Est. SE t p 

Plot SM-ilex −6 3 −1.81 0.07 8.9 0.6 14.60 < 0.001 0 1 0.35 0.7 

Plot DN-mixed −2 3 −0.54 0.6 9.0 0.5 18.82 < 0.001 1 1 0.55 0.6 

Plot DN-suber −2 3 −0.57 0.6 8.6 0.6 13.74 < 0.001 2 1 1.33 0.2 

Plot DN-pinea −1 3 −0.38 0.7 9.2 0.6 14.69 < 0.001 1 1 0.65 0.5 

Season     −6.2 0.6 −9.88 < 0.001 −1.3 0.5 −2.56 0.01 

Canopy 4 0.7 5.58 < 0.001 −1.8 0.6 −2.98 0.004 1.1 0.5 2.10 0.04 

Season x canopy     4.3 0.9 4.73 < 0.001 1.8 0.7 2.40 0.02 

PAR (μmol photons m−2 s−1) −0.003 0.001 −4.58 < 0.001         

Ta (ºC)         0.15 0.05 3.06 0.003 

BGB (g DW m−2)         0.0015 0.0007 2.21 0.03 

Forbs (fraction) 0 3 0.15 0.9         

Grasses (fraction) −1 3 −0.22 < 0.001         

Legumes (fraction) −67 17 −3.97 < 0.001         

Forbs x legumes (fraction) 97 25 3.84 < 0.001         

Grasses x legumes (fraction) 96 24 4.07 < 0.001         
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Moreover, PFT composition drove significantly NEE. The most parsimonious and explanatory 

model was a specific interaction model (Equation 4). Legumes enhanced net CO2 uptake (NEE, 

legumes effect, t = −3.97, p < 0.001, Table 2 and Figure 2), which slightly decreased with the addition 

of forbs (forbs x legumes effect, t = 3.84, p < 0.001, Table 2) and grasses (grasses x legumes effect, 

t = 4.07, p < 0.001, Table 2) in the mixture.  

 

Figure 2. Predicted net ecosystem exchange (NEE, μmol CO2 m−2 s−1) according to the specific 

interaction model (Table 2). F indicates forbs, G grasses and L legumes. Predicted NEE modelled with 

a maximum proportion of legumes of 50%, according to the legumes proportion observed in the field 

(Figure S3). Negative NEE values indicate net CO2 uptake, and positive values indicate CO2 

emissions. Environmental conditions set as the mean of the given treatment level.   

3.2 CH4 and N2O exchange 

CH4 emissions were lower in autumn than in spring (season effect, t = −9.68, p < 0.001, Table 3), 

and were enhanced by Ts (Ts effect, t = 2.72, p = 0.008, Table 3) and SWC (marginally significant SWC 

effect, t = 1.83, p = 0.07, Table 3).  

N2O fluxes were uptake dominated in spring, except in the DN-pinea plot where there were 

emissions both under the canopy and in the open grassland (Figure 3). Under the canopy N2O fluxes 

tend to increase (canopy effect t = 2.68, p = 0.01, Table 3), especially in autumn (Figure 3). N2O 

emissions also increased with litter (litter effect, t = 2.84, p = 0.006, Table 3). Moreover, PFT 

composition of the herbaceous layer drove significantly N2O fluxes, being the most parsimonious 
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and explanatory model an identity model (Equation 2), with the presence of legumes significantly 

enhancing N2O emissions (legumes effect, t = 2.49, p = 0.02, Table 3 and Figure 3).  

 

 

Figure 3. Predicted N2O exchange (nmol m−2 s−1) according to the identity model (Table 3). F indicates 

forbs, G grasses and L legumes. Predicted N2O modelled with a maximum proportion of legumes of 

50 %, according to the legumes proportion observed in the field (Figure S3). Negative N2O values 

indicate net uptake, and positive values indicate N2O emissions. Environmental conditions set as the 

mean of the given treatment level.   

Table 3. CH4 and N2O exchange diversity-interaction model. CH4 and N2O exchange as function of 

plot, season, canopy, soil temperature (Ts), soil water content (SWC), litter, belowground biomass 

(BGB) and plant functional type (forbs, grasses, and legumes) proportions. Season with spring as 

reference level and canopy with open grassland (OG) as reference level. Estimates of the explanatory 

variables (Est.), standard error (SE), t and p-value.  

 

CH4 (nmol m−2 s−1) N2O (nmol m−2 s−1) 

Null model Identity model 

Est. SE t p Est. SE t p 

Plot SM-ilex −24 81 −0.30 0.8     

Plot DN-mixed −83 81 −1.03 0.3     

Plot DN-suber −22 85 −0.26 0.8     

Plot DN-pinea −28 85 −0.33 0.7     

Season spring     −13 5 −2.73 0.008 

Season autumn −150 15 −9.68 < 0.001 −11 5 −2.30 0.03 

Canopy     2.1 0.8 2.68 0.010 

Ts (ºC) 13 5 2.72 0.008 0.4 0.2 2.44 0.02 

SWC (fraction) 1.4 0.8 1.83 0.07 −0.05 0.03 −2.00 0.05 

Litter (g DW m−2) −0.1 0.1 −1.89 0.06 0.007 0.003 2.84 0.006 

BGB (g DW m−2)     0.002 0.001 1.75 0.09 

Forbs (fraction)     3 3 1.02 0.3 

Grasses (fraction)     2 3 0.47 0.6 

Legumes (fraction)     10 4 2.49 0.02 
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4. Discussion 

4.1 CO2 exchange drivers 

CO2 exchange was closely driven by the tree – open grassland structure, with tree canopies 

driving microclimatic conditions (Figure S1), as well as the structure (Figure S2) and composition 

(Figure S3) of the herbaceous layer, factors that interacted among them to drive CO2 fluxes. Thus, 

NEE was uptake dominated in the open grassland in all the study plots, while under the canopy there 

were emissions in all DN plots, but net CO2 uptake in the SM-ilex plot (Figure 1.A). These results 

support the well-known effect of light as driver of CO2 uptake [14,36], but also suggest interactions 

between the environment created by the canopy and local conditions (DN vs. SM). Accordingly, 

although light reduction under the canopy in the SM-ilex plot was in the same range of magnitude 

than in all DN plots (Figure S1), the vegetation in the SM-ilex plot kept taking-up CO2 at similar rates 

both under the canopy and in the open grassland. Indeed, the aboveground biomass in the SM-ilex 

was similar under the canopy and in the open grassland, while there was a certain reduction in the 

aboveground biomass under the canopy compared to the open grassland in all DN plots (Figure S2). 

In line with these results, Ibañez (2019) reported that forbs from the same study plots presented more 
13C-depleted tissues under the canopy than in the open grassland in all DN plots, while this 

depleatment was not noticeable in the SM-ilex plot. These results indicate that the vegetation was 

photosynthesizing at similar rates under the canopy and in the open grassland in the SM-ilex plot, 

while the photosynthetic rate differed in the DN plots. Facts that suggest that the SM-ilex plot might 

be less environmentally constrained than DN, and the environment created under the canopy in the 

SM-ilex plot did not differ so much to the open grassland, in opposition to the strong differences 

found in DN. 

Moreover, the inclusion of PFT diversity and composition terms improved NEE’s explained 

variability, and highlighted the relevance of specific PFT identity and interaction effects (Table 2 and 

Figure 2), which were even more explicative than the AGB. Legumes were key NEE drivers, 

enhancing net CO2 uptake (Table 2 and Figure 2), in agreement with previous studies that reported 

higher photosynthetic capacity of legumes compared to grasses and forbs [37–40]. Also, legumes 

transfer symbiotic N to other species, increasing photosynthetic rates of the overall community 

[41,42], and at the same time the acquisition of symbiotic N by legumes can be stimulated by the 

presence of grasses [43]. Accordingly, symbiotic N fixed by legumes could provide an important 

advantage for photosynthesis, especially in N limited systems, as might be the case of our plots, with 

very low soil N content (Table 1). 

Ecosystem respiration (Reco, Figure 1.A), was influenced by interactions between season and 

canopy, since Reco decreased under the canopy compared to the open grassland in spring, but 

increased in autumn (season x canopy effect, Table 2). This suggests a differential magnitude of Reco 

components (Reco = Rautotrophic + Rheterotrophic) and its biotic and abiotic drivers depending on the season. 

In spring, Reco was enhanced in the open grassland by higher temperatures (Ts effect, Table 2), which 

are known to be an important Reco driver [14], especially enhancing the heterotrophic component of 

Reco [44]. Also, enhanced Reco rates could also be indirectly related to increased gross CO2 uptake rates. 

Respiration is one of the most important C release pathways of recently fixed C photo-assimilated by 

plants [45], and autotrophic respiration is directly linked to photosynthetic activity [46]. Accordingly, 

the magnitude of the autotrophic component of Reco in spring was revealed when the AGB was 

removed, and the remaining respiratory flux (Rsoil) clearly decreased compared to Reco (Figure S4). 

While on the contrary, Reco and Rsoil, equalized in autumn (Figure S4) suggesting that respiration 

derived from photosynthetic activity was really very low in autumn. 

Furthermore, our data suggested that respiration rates (Reco and Rsoil) under P. pinea canopies 

were higher than under Quercus species (Figure 1.A, spring). This might be because the canopy of 

P. pinea is more open than that of Quercus species, with lower leaf area index [47], resulting in a lower 

buffering of PAR (Figure S1.A) and Ts (Figure S1.B) under the canopy, conditions that could be 

enhancing respiration rates. Also, litter of P. pinea has been reported to be more recalcitrant than litter 

of Quercus species [48,49], which could be increasing soil organic C at the plot level (Table 1), and the 
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C/N ratio in the soil under the canopy [50], leading to enhanced Rheterotrophic rates, since soil 

microorganisms respire more C when decomposing C-rich and/or N-poor substrates [51].  

In autumn conversely, the increased respiration rates (Reco and Rsoil) under the canopy compared 

to the open grassland (canopy x season, Table 2), were probably related to litter decomposition 

processes. The big amount of litter that was present under the canopy in spring was no longer present 

in autumn (Figure S2), suggesting that litter was already incorporated into the soil, and that was 

probably on mineralization process, increasing the heterotrophic component of Reco. Respiratory 

fluxes, Reco and Rsoil, were also both influenced by the structure of the herbaceous layer, enhanced by 

the belowground biomass (BGB effect, Table 2), which has been directly linked to auto and 

heterotrophic respiration [52–54].  

4.2 CH4 and N2O exchange drivers 

CH4 and N2O assessments from Mediterranean grasslands or meadows are very scarce [55], and 

our study provides one of the first GHG datasets of a Mediterranean holm oak meadow in the Iberian 

Peninsula, unravelling the mechanisms behind these fluxes. Thus, CH4 emissions were driven by 

seasonality rather than by the holm oak meadow structure and composition. CH4 shifting from high 

emissions in spring, to low emissions or uptake in autumn (Figure 1.B), probably as result of several 

factors occurring simultaneously. First, higher CH4 emissions in spring were enhanced by higher 

temperatures (Ts effect, Table 3), which could be favouring methanogenic activity and methane 

diffusion [55]. And second, SWC enhanced CH4 emissions (although marginally significant, Table 2), 

which in combination with drying-rewetting cycles, typical in spring, could also be enhancing CH4 

soil emissions [56].  

Regarding N2O exchange, the DN-pinea plot had again a differential behaviour than plots 

dominated by Quercus species, with higher N2O emissions (Figure 1.C, spring), which were probably 

related to the litter characteristics of P. pinea, also influencing N dynamics. Moreover, N2O exchange 

was influenced by the structure and composition of the herbaceous layer, increasing N2O emissions 

with litter and the presence of legumes in the community (Table 3). The influence of litter on N2O 

exchange at field conditions is not well understood, but there are some experiments assessing the 

effect of cover crops on N2O exchange that may provide some understanding [57–59]. For instance, 

an experimental study by Shaaban et al., (2016) reported increasing N2O emissions with the addition 

of litter onto soil surface. The authors related the input of organic matter to stimulated microbial 

activity and denitrification, resulting in N2O production [59]. Also, N2O emissions have been 

negatively correlated to the C/N ratio of the substrate [59]. Findings that agree with our results of 

legumes enhancing N2O emissions (Table 3 and Figure 3).  

4.3 Management implications 

Holm oak meadows are productive ecosystems, and any management strategy must take that 

into account. To this regard, our results suggest that an increase in the tree cover may reduce the net 

CO2 sink capacity of the system, while also reduce forage production and quality. Thus, we have 

reported that under the canopy there is a reduction on net CO2 uptake rates compared to the open 

grassland, via (a) a direct canopy effect (especially in DN, Table 2), with the corresponding 

implications that this may have on forage production; and (b) an indirect effect through changes in 

the herbaceous layer composition, since legumes, which were enhancing net CO2 uptake rates (NEE, 

Table 2 and Figure 2), could mostly grow in the open grassland (Figure S3), with the implications that 

this may have on forage quality. Therefore, it is highly advisable to preserve open grassland spaces 

to maximize net CO2 uptake and preserve forage provision.  

On the other hand, a change in the tree species composition, shifting from Quercus species stands 

to Pinus species plantations may increase CO2 and N2O emissions (Figure 1.A). Therefore, it is highly 

advisable to preserve traditional Quercus stands to minimize CO2 and N2O emissions. 
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5. Conclusions 

Our study provides insight into Iberian holm oak meadows functioning, integrating the arboreal 

and the herbaceous layer structure and composition as GHG drivers. Tree canopies especially drove 

CO2 and N2O fluxes, increasing emissions under P. pinea canopy compared to that of Quercus species. 

The inclusion of the herbaceous layer composition and diversity terms improved explained 

variability, legumes enhancing net CO2 uptake and N2O emissions. Thus, PFT identity and interaction 

effects were even more explanatory than some structural components (i.e. aboveground biomass). 

Changes in the tree cover and species will imply deep changes in the GHG exchange of Iberian holm 

oak meadows mediated by changes in the structure and composition of the herbaceous layer. This 

may provide some keys to improve ecosystem services provision and guarantee the preservation of 

this vast but vulnerable ecosystem. 
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Supplementary Materials 

 

Figure S1. Microclimatic sampling conditions per plot, season, and canopy: open grassland (OG) and 

under the canopy (UC). (A) Photosynthetically active radiation (PAR); (B) soil temperature (Ts) and; 

(C) soil water content (SWC). Boxplot’s midline indicates the median; upper and lower limits of the 

box indicate the third and first quartile; whiskers extend up to 1.5 times the interquartile range from 

the top/bottom of the respective box, and points represent data beyond the whiskers. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2020                   doi:10.20944/preprints202011.0220.v1

https://doi.org/10.20944/preprints202011.0220.v1


 7 of 22 

 

 

Figure S2. Mean aboveground biomass (AGB), litter and belowground biomass (BGB) per plot, 

season, and canopy: open grassland (OG) and under the canopy (UC).  

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2020                   doi:10.20944/preprints202011.0220.v1

https://doi.org/10.20944/preprints202011.0220.v1


 8 of 22 

 

 

Figure S3. Plant functional types (PFT: forbs, grasses, and legumes) proportions per plot, season, and 

canopy: open grassland (OG) and under the canopy (UC). 
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Figure S4. Soil respiration (Rsoil) ~ ecosystem respiration (Reco) relationship, mean ± standard error per 

plot, season, and canopy. Solid diagonal line indicates 1:1 relationship. 
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