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Abstract 

Ecological transformations derived from habitat fragmentation have led to increased threats to 

above-ground biodiversity. However, the impacts of forest fragmentation on soils and their microbial 

communities are not well understood. We examined the effects of contrasting fragment sizes on the 

structure and functioning of soil microbial communities from Holm oak forest patches in two bio-

climatically different regions of Spain. We used a microcosm approach to simulate the annual 

summer drought cycle and first autumn rainfall (rewetting), evaluating the functional response of a 

plant-soil-microbial system. Forest fragment size had a significant effect on physicochemical 

characteristics and microbial functioning of soils, although the diversity and structure of microbial 

communities were not affected. The response of our plant-soil-microbial systems to drought was 

strongly modulated by the bioclimatic conditions and the fragment size from where the soils were 

obtained. Decreasing fragment size modulated the effects of drought by improving local 

environmental conditions with higher water and nutrient availability. However this modulation was 

stronger for plant-soil-microbial systems built with soils from the northern region (colder and wetter) 

than for those built with soils from the southern region (warmer and drier) suggesting that the 

responsiveness of the soil-plant-microbial system to habitat fragmentation was strongly dependent on 

both the physicochemical characteristics of soils and the historical adaptation of soil microbial 

communities to specific bioclimatic conditions. This interaction challenges our understanding of 

future global change scenarios in Mediterranean ecosystems involving drier conditions and increased 

frequency of forest fragmentation. 

Keywords: microorganisms, soil respiration, habitat fragmentation, drought, rewetting. 
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Introduction  

The impacts of global change disturbances are directly responsible for increased rates of biodiversity 

loss, which are altering the functioning of ecosystems and affecting important ecosystem services 

[1]. In the Mediterranean basin, forest fragmentation, resource overexploitation and poor 

management are the main drivers of forest degradation, and their impacts are expected to be 

aggravated by climate change [2]. Habitat fragmentation negatively affects population size and/or 

diversity of organisms in large habitats (reviewed by [3, 4]), although it is still not clear if it has a 

consistent effect on biodiversity loss [5], since neutral (e.g. microorganisms [6]) or even positive 

effects [7, 8] have also been reported. It is well known that consequences of habitat fragmentation 

are strongly dependent upon the size of the remaining area [9, 10], because of the complex processes 

related to edge effects [10], and resource constraints in smaller fragments [11]. Most Mediterranean 

ecosystems have historically suffered major transitions involving fragmentation due to agricultural 

practices that transform the landscape dominated by forest and shrublands into isolated patches [12], 

in a process that is expected to become more frequent over the next century [13]. Evidence of 

fragmentation effects in Mediterranean ecosystems has been reported for a range of different 

organisms such as birds, butterflies, plants and microorganisms, and includes the disruption of biotic 

interactions such as pollination, seed dispersal and herbivory [2, 8, 14-16]. 

The global climate is expected to change rapidly and deeply over the next century [1]. 

Particularly in the Mediterranean basin, an increase in temperature of 1.8 ºC is predicted for the next 

40 years, coupled with a reduction in rainfall frequency of 5-10% with more intense droughts [1]. 

The functioning of Mediterranean ecosystems is largely governed by the soil water regime [17, 18] 

and reductions in soil water are very likely to cause a concomitant reduction in carbon and water 

fluxes [18-20]. The increased intensity of droughts in recent decades has led to the reduction of tree 

productivity in the Mediterranean Basin [18, 21], and to forest decline in some areas [22]. These 

global changes directly affect plant communities, but also simultaneously and interactively affect the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

associated belowground microorganisms [23]. The changes in precipitation patterns can also affect 

soil nutrients and carbon cycling by impacting upon the activity of microbial communities [24], 

although a considerable debate about how water stress affects soil microbial communities and their 

overall activity still exists [23, 25, 26]. Relative shifts in soil microbial communities depends on their 

different inherent resistances to drought [27], with soil bacterial community generally considered 

more sensitive than the fungal community [23-25, 28, 29].  

Soils and their microorganisms are essential for the performance and regulation of global 

biogeochemical cycles [30-32]; their activity is controlled by both biotic and abiotic factors such as 

quantity and quality of litter inputs, temperature, and moisture [23, 28, 29, 33-35]. Changes in soil 

communities and the loss of soil biodiversity threaten the multifunctionality and sustainability of 

ecosystems, with negative impact on plant diversity and nutrient cycling and retention [36], whereas 

a more diverse microbial community could be associated with higher resistance to disturbance [37]. 

In parallel, microbial processes have been related to variations in ecosystem properties, such as tree 

productivity [30, 37, 38].  

Most studies of habitat fragmentation have focused on above-ground organisms, while only a 

few have addressed effects of fragmentation on soil physicochemical characteristics, functioning 

[16], or microbial structure [6]. In Mediterranean gypsic soils, Lázaro-Nogal et al. [16] found that the 

synergistic interaction between habitat fragmentation and habitat quality was negatively correlated 

with soil nutrients and enzymatic activity. Results of simulated fragmentation from Rantalainen et al. 

(reviewed in [6]) suggested that habitat fragmentation did not have a direct effect on soil 

microorganisms. However, the effects of habitat fragmentation on the plant-soil-microorganism 

system remain largely unknown and especially their interaction with drought. Our general objective 

was to study the impact of drought and rewetting on the structure and functioning of microbial 

communities in soils from two climatically different regions and from forest fragments of contrasting 

sizes in a microcosm experiment. To assess potential interactions between fragmentation and 
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climate, we explored the physiological responses to drought of oak seedlings grown in soils from 

contrasting fragment sizes. First, we hypothesized that physicochemical characteristics of soils and 

their microbial biomass would differ in forest fragments of contrasting sizes. Second, we

hypothesized that the functional response of the plant-soil-microbial system to climatic simulations 

(drought and rewetting) would be determined by the particular initial microbial communities and 

biogeochemical properties associated with the size of the fragment. 

Material and Methods 

Soil provenance 

We selected three large (> 10 ha) and three small (< 0.5 ha) Holm-oak (Quercus ilex L. ssp. ballota 

(Desf.) Samp; Fagaceae) forest fragments, resulting from the conversion to an agricultural landscape, 

located in two climatically different regions of central Spain (12 forest fragments in total). In the 

northern region (Lerma; 41º58’-42º02’N, 03º45’-03º52’W; 930m asl) the studied fragments were in 

an area of 1500 ha, they showed similar characteristics in spatial structure and vegetation, and were 

separated by at least 50 m to a maximum of 11 km (Online Resource 1). This region is characterized 

by 554 mm mean annual precipitation and 11 ºC mean annual temperature [39]. The dominant tree 

species is also Holm oak, with isolated Lusitanian oak Q. faginea and Spanish juniper Juniperus 

thurifera L. and understory shrubs typical of wetter and cooler supramediterranean localities (e.g. 

Cistus laurifolius L., Genista scorpius (L.) DC, Thymus zygis Loefl. ex L.; see [8, 14] for further 

details). In the southern region (Quintanar de la Orden; 39º30’-39º35’N, 02º47’-02º59’W; 870 m 

asl), the studied fragments were in an area of 1000 ha, they showed similar characteristics in spatial 

structure and vegetation, and were separated by at least 50 m to a maximum of 8 km (Online 

Resource 1). This region is characterized by 434 mm mean annual precipitation and 14 ºC mean 

annual temperature [39]. The dominant tree is the Holm oak Q. ilex with the understory composed of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 

shrubby Kermes oak Quercus coccifera L. and shrub species typical of xeric mesomediterranean 

localities (e.g. Asparagus acutifolius L., Cistus ladanifer L., Rhamnus alaternus L., Rhamnus 

lycioides Brot.; see [14, 15] for further details). Both sites are characterized by a pronounced summer 

drought period, usually lasting from July to September. The climatic characteristics of the two study 

regions are representative of the mesomediterranean and supramediterranean bioclimatic zones of the 

Iberian Peninsula, respectively [40]. The dominant soils are classified as Cambisols (calcics) [41], 

sandy loam texture, with 17% sand, 39% silt and 44% clay for the southern region and, 11% sand, 

42% silt and 47% clay for the northern region. In both regions, the original forest is now highly 

fragmented due to land conversion for intensive cultivation of cereal crops, legumes, and some 

grapes [14, 15, 42]. Remnants of forests were left between crops and now are imbibed in the 

agricultural matrix, yet clearly differentiated. Trees within large fragments were homogeneously 

distributed with low tree density, while the small fragments consist of at least four trees and with a 

high tree density (authors personal observations). 

Soil sampling 

We selected four trees with basal area of ~500-600 cm2 within each fragment and region with six 

fragments in each region, making 48 trees in total. Four soil samples were taken in four orientations 

under the canopy of each tree to a depth of 0-15 cm, and combined to a single sample per tree. Soils 

were collected at the end of the dry season. Once in the laboratory, soils were sieved (< 2 mm), and 

air-dried for two weeks. Acorns of Q. ilex were collected from the southern region. 

Soil physicochemical characteristics and microbial biomass were measured in all replicates of each 

fragment size. Since the level of spatial heterogeneity of soils at very small spatial scales would have 

blurred functional differences among fragments of contrasting size, and due to practical limitations 

of the experiment, conditions were standardised by combining soils into composite samples of small 

and large fragment types from each bioclimatic region; thus we finally obtained a total of four 
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treatments: two factors (region and fragment size) with two levels each (region: northern and 

southern; fragment size: large and small). 

Soil abiotic characteristics and microbial biomass 

Physicochemical soil characteristics and microbial biomass were determined on air-dried soils, for 

all 48 soil samples. Water holding capacity of soils was determined by soaking the samples in water 

for 2 h and then draining for 24 h in a humid environment. Soil aggregate stability was determined 

on 2 mm aggregates by a water-drop test [43] using at least 20 aggregates per replicate. Soil pH was 

determined in a water slurry (1:5 w/v in H2O); soil organic matter (SOM) was assessed by loss on 

ignition at 400 °C for 4 hours. Organic N was determined by the Kjeldahl method [44]. Available 

phosphorus was determined by the Burriel-Hernando extraction method [45], and K+, Ca2+, Na+ and 

Mg2+ were extracted with ammonium acetate (1M, pH 7) and subsequently determined by 

inductively coupled plasma spectrometry (Optima 4300DV, Perkin-Elmer, Waltham, USA). 

Microbial biomass carbon was determined by the chloroform fumigation-extraction method modified by

Gregorich et al.[46]. 

Experimental design 

Two-litre pots were filled with a mixture of 5:1 soil:perlite (v:v). Holm oaks acorns from the 

southern region randomly selected were soaked in water for 24 h before planting. Pots were 

randomly arranged in the greenhouse (25 °C and 40 % air humidity), and regularly watered to field 

capacity based on weight loss (between 35-45% soil water content). Other seedlings that eventually 

germinated were carefully removed from the pots. We established three experimental periods during 

the dry-rewetting simulation: 1) pre-drought with seedlings growing in well-watered pots for 80 

days; 2) drought for 55 days with no water supply (the drought was terminated when seedlings 

started to die); and 3) two days after rewetting, aboveground biomass was harvested and pots were 
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watered to field capacity. We then measured the water potential of the harvested seedlings. 

Intermediate non-intrusive measures were carried out as indicated below.  

Seedling growth and physiological variables 

Seedling height and diameter were recorded every fifteen days (seven seedlings for southern large 

and northern small fragments, and eight seedlings for southern small and northern large fragments; 

30 in total). Physiological variables were recorded at the same time interval: stomatal conductance 

(gs) was measured with a leaf porometer SC-I (Decagon, Pullman, USA), during the period of 

maximal conductance (10:00-12:00 h). Predawn and midday maximum photochemical efficiency of 

photosystem II (Fv/Fm) were measured with a portable pulse-modulated fluorometer FMS2 

(Hansatech, Norfolk, UK), for which the leaves were previously held in the leaf clip holder for 30 

min. Final Specific Leaf Area (SLA) was determined as leaf area (determined with an optical 

scanner) per gram dry mass. Final predawn stem water potentials (ΨPD) were determined with a 

Scholander pressure chamber [47]. 

Soil microbial community activity and fingerprinting profiles 

Three pots per treatment were selected for collection of soil samples at pre-drought, drought and 

after rewetting (12 soil samples per condition; 36 in total), which were stored at 4 ºC for a maximum 

of two weeks or -20 ºC for subsequent enzymatic and molecular analyses, respectively. The acid 

phosphatase activity (phosphoric monoester hydrolases, EC 3.1.3.2) assay was based on the detection 

of p-nitrophenol (PNP) released after 0.5 g of soil was incubated in 0.1 M maleate buffer at pH 6.5 

(37 ºC, 90 min) with p-nitrophenyl phosphate disodium as substrate [48]. The urease activity 

(amidohydrolase, EC 3.5.1.5) assay was based on the detection of NH4+ released after 0.5 g of soil 

was incubated in 1M phosphate buffer at pH 7 (30 ºC, 90 min) with 1M urea as a substrate [49].
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Community structure of soil fungal and bacterial communities was assessed by the DNA community 

fingerprinting technique of denaturing gradient gel electrophoresis (DGGE). Soil DNA was extracted 

with the MoBio Powersoil DNA isolation kit (Solana Beach, USA), and yields assessed by 

electrophoresis at 80 V on a 1.2 % agarose gel. For fungi, the internal transcribed spacer nrDNA 

region ITS-1 was PCR-amplified using the primer pair ITS1-F/ITS2 [50]. The universal primers 

338F/518R were used for amplification of the bacterial 16S rRNA gene [51]. A GC clamp was added 

to the 5’ end of forward fungal (ITS1-F) and bacterial (338F) primers to stabilize the melting 

behaviour of the DNA fragments [51]. PCRs were carried out on a PTC-200 Thermocycler (MJ 

Research, Massachusetts, USA), with 50 μl of reaction mixture containing 10x NH4 reaction buffer, 

2 and 1.5 mM MgCl2 (for fungi and bacteria, respectively), 0.2 mM total dNTPs, 2.5 U Taq (Bioline, 

London, UK), 1 μM of each primer, 0.5 μl of 10 mg ml-1 bovine serum albumin (BSA) and 50 ng of 

template DNA, determined using a Nanodrop 2000c (Thermo Fisher Scientific, Wilmington, USA). 

PCR cycling parameters were: 94 ºC for 5 min, followed by 35 cycles of 94 ºC for 30 s, 55 ºC for 30 

or 45 s, and 72 ºC for 30 or 45 s, with a final extension at 72 ºC for 5 or 10 min (for fungi and 

bacteria, respectively). Negative controls (with ultrapure water instead of DNA) were included in 

each PCR. DGGE was carried out on a DCode universal mutation detection system (Bio-Rad, Hemel 

Hempstead, UK); using 10 % polyacrilamide gels, with denaturant urea-formamide gradients of 10-

50 % for fungi [52] and 40-55 % for bacteria [53], with the concentrations of 7 M urea and 40 % 

formamide (v/v) for the 100 % denaturant. Electrophoreses were run at 60 ºC 75 V for 16 h and 14 h, 

for fungi and bacteria respectively, loading equal volumes of amplified DNA. Gels were stained with 

SYBR Gold nucleic acid stain (Molecular Probes, Leiden, The Netherlands) and digitized using an 

InGenius3 Imaging System and Genesnap 6.08 (Syngene, Cambridge, UK). DGGE fingerprint 

profiles were analyzed with a KODAK 1D Image Analysis software (Eastman Kodak Co. 2000; 

Rochester, NY, USA). Bands were adjusted with a Gaussian model with a profile width of 80%. 

Noise was eliminated by removing bands below a 10% band peak intensity threshold. Species 
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delimitation can be contended, especially taking into account the inherent limitations of the different 

analytical methods, such as in the case of DGGE where a unique band does not necessarily represent 

a unique species and one species can be represented by multiple bands on the gel [54, 55]. 

Consequently, each band of the DGGE profile is hereafter referred to as an operational taxonomic 

unit (OTU) rather than a species. Although this is a simplification of the real taxonomic diversity of 

soil microbes, it allowed us to comparatively investigate differences and changes in the microbial 

community structure with respect to the studied factors. Gel bands were analyzed by using internal 

reference bands (bands present in all lanes), and known reference markers loaded in lanes at either 

side of the gel. The number and pixel intensity of bands in a particular sample were considered 

comparative proxies of richness and proportional abundance of fungal or bacterial OTUs, 

respectively [55]. Similar analysis of DGGE banding patterns have been previously used in other 

studies [52, 54-58].

Plant-soil system CO2 exchange 

Net ecosystem exchange (NEE), defined as the net balance between Gross Primary Productivity 

(GPP) and Ecosystem Respiration (Reco), was measured for each individual plant-soil microcosm 

using a non-steady-state dynamic (closed dynamic) approach. For that purpose, a rectangular 

plexiglas chamber with a base of 0.01 m2 and a volume of 0.0024 m3 with a small fan to mix the air 

internally was built to fit over the microcosms (Online Resource 2). The change in CO2

concentrations was measured with a CO2 infrared gas analyzer (EGM-4, PP-systems, MA, USA). 

The chamber was covered with aluminium foil to determine ecosystem respiration (Reco) including 

both autotrophic (plants) and heterotrophic (microorganisms) components. Respiration rates were 

measured in both the transparent and the aluminium chamber for 52 s before the simulated drought 

and then every 15 days. During the drought simulation, diurnal CO2 exchange measurements were 

taken in all microcosms four times per day (7:00-9:00 h, 11:00-13:00 h; 14:00-16:00 h; 18:00-20:00 
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h). Soil respiration was determined 3, 24 and 48 h after rewetting, only at 14:00-16:00 h, which was 

the period where the maximum activity was previously observed.

NEE (transparent chamber) and Reco (opaque chamber) were determined by calculating the 

CO2 increase in the closed loop (see Online Resource 2) in the respective measurements according to 

the formula [59]: 


, where Ic is the net CO2 increase (μmol m-2 s−1),  is air density (mol 

m-3), V the chamber volume (m3), dC/dt represents the slope of CO2 concentration increase in the 

chamber over time (μmol mol−1 s−1), and A is the chamber surface area (m2). Gross primary 

productivity (GPP) was calculated by subtracting Reco from NEE. The maximum difference between 

atmospheric (Ca) and internal CO2 (Ci) was used to correct for chamber leaks using a linear equation 

[60].  

Data analysis 

The effects of fragment size (large or small), region (north or south) and condition (pre-drought, 

drought or rewetting) and their interactions were analyzed by three-way Analysis of Variance 

(ANOVA), with pot as a random effect. The effect of fragment size and region on soil abiotic 

characteristics, microbial biomass and final seedling measurements (height, diameter, biomass, 

root/shoot ratio, SLA, water potential) were analyzed by two-way ANOVAs. Repeated-measures 

ANOVAs were used to test the effect of the same factors during the drought in continuously 

measured variables (plant physiology and soil moisture). The analysis of survival percentages was 

carried out with a Peto and Peto test using X2 [61]. 

The diversity of both bacterial and fungal communities was estimated from the number and 

intensity of bands (OTUs). Richness (S), Shannon (H’) and evenness (EH) diversity indexes were 

calculated as follows: Shannon Evenness 

where ni is the band intensity, N is the sum of all intensities of a sample and S is the number of bands 

of a sample (richness). Principal component analysis (PCA) was conducted to reduce the n-
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dimensional DGGE data obtained for each sample into linear axes explaining the maximum amount 

of variance, using the relative intensity of the bands obtained from the DGGE. We used the first two 

principal components of the PCA to define the structure of bacterial and fungal communities [58].

With the scores of the principal components of the PCA we explored the effect of soil moisture over 

the structure of soil microbial communities using three-way ANOVAs with the same factors as 

above, except the condition (soil moisture) which was tested by pairs (pre-drought vs drought and 

drought vs rewetting). In all cases, pot was used as a random effect and Tukey’s test was used for 

post-hoc multiple comparisons to determine significant differences.

We performed two correlation analyses: 1) Pearson’s correlations (calculated to investigate 

the univariate relations between variables); and 2) stepwise multiple regressions to study which 

measured variables best explained the microbial diversity and variations in community structure. To 

perform stepwise multiple regressions first we reduced the number of explanatory variables to four, 

eliminating redundant variables (correlation among explanatory variables; see Online Resource 3), 

and by choosing those variables that generated the highest Pearson’s coefficients. A sequential 

Bonferroni correction was used to account for multiple comparisons [62]. Simple linear regressions 

were run to analyze moisture sensitivity of carbon fluxes. All variables were tested for normality, 

and log transformations were applied when required (GPP, Reco and soil moisture), prior to analyses. 

STATISTICA 8.0 (StatSoft, Inc. 2007; Tulsa OK, USA) was used for performing all analyses.

Results  

Soil characteristics 

In general, the physicochemical characteristics of soils were highly affected by fragment size and 

less by bioclimatic region (i.e. northern or southern). Soils from smaller fragments showed higher 

water holding and cation exchange capacities, as well as higher Mg2+, Ca2+ and Na+ concentrations 

compared with soils from larger fragments (Table 1). Concentration of SOM, nitrogen and 
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phosphorus were higher in soils from small than from large fragments, and also higher in the 

northern region compared to the southern one; whereas K+ was higher in small fragments and in the 

southern region (Table 1). Soils from the northern region presented a significantly less alkaline pH 

and more stable aggregates in comparison with those from the southern region. A significant 

interaction between fragment size and region on soil microbial biomass was also detected (Table 1), 

showing that microbial biomass was highest in soil from large fragments from the northern region. 

SOM was strongly correlated with cation exchange capacity, organic nitrogen and Ca2+ (Online 

Resource 3), as well as with water holding capacity (R2=0.89 p<0.001).  

During the drought simulation, soils from small fragments of both regions showed higher soil 

moisture (F10, 260= 3.7; p<0.001), compared to soils from large fragments, particularly those from the 

northern region (Online Resource 4 and 5). 

Soil microbial diversity  

Significant interactions among condition, region and fragment size was observed in both fungal 

richness and diversity (Online Resource 6), mainly driven by large fragments from the southern 

region with the highest values of both variables at pre-drought and after rewetting (Fig. 1a and b).  

Similarly, significant interactions between condition, region and fragment size were observed 

for bacterial richness and between condition and region for bacterial diversity (Online Resource 6). 

Both interactions showed very similar patterns: a significant decrease of bacterial richness and 

diversity during drought, and a partial recovery after rewetting (Fig. 1d and e), been more evident in 

soils from the northern region. Fungal evenness increased significantly with drought (Fig. 1c), while 

bacterial evenness during drought showed an increase only in the northern region (Fig. 1f).  

The first two PCA components explained 20.5 % of the total variance in the fungal 

community composition (Fig. 2a). The pre-drought fungal community was strongly influenced by 

region, but not by fragment size (Table 2). A high variability was observed in the fungal community 
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from the northern region (Fig. 2a). Under drought, an interaction between drought and region was 

observed (Table 2, Fig. 2a). Once soils were rewetted, the fungal community structure was 

significantly affected by region and fragment size (Table 2, Fig. 2a). In the case of bacterial 

community composition, the first two PCA components explained 33.2 % of the total variance (Fig. 

2b). Neither region nor fragment size affected the structure of the pre-drought bacterial community 

(Table 2, Fig. 2b). Both drought and rewetting led to a significant separation of the structure of 

bacterial communities from different regions, according to the principal component 1 of the PCA 

(Table 2, Fig. 2b). Fragment size and its interaction with drought and rewetting had no significant 

effect over the structure of microbial communities.  

Enzymatic activity 

Significant interaction between all factors (condition*region*fragment size) was observed for 

urease activity, with higher activity in soils from small fragments of the southern region at pre-

drought (Fig. 3a), but higher activity in soil from small fragments of the northern region during 

simulated drought and rewetting. For phosphatase activity, fragment size showed a significant main 

effect (F1, 1= 9.53; p=0.005) with higher activity in soils from small fragments (Online Resource 6). 

Additionally, a significant interaction between condition and region was observed, where activity in 

soils from the northern region decreased significantly with drought (Fig. 3b); whereas activity in 

soils from the southern region remained very similar during the experiment. 

Net ecosystem exchange in plant-soil-microbial system 

In the plant-soil-microbial system, the main component of net ecosystem exchange (NEE) was 

ecosystem respiration (Reco), with a lower contribution of gross primary productivity (GPP; Fig. 4). 

Drought caused an overall significant decrease in both Reco and GPP (Fig. 4a and b, respectively; 

Online Resource 7). A consistent significant interaction between region and fragment size was 
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detected, showing that the soils from small fragments of the northern region had higher Reco, during 

the drought simulation (Fig. 4a; Online Resource 7). A significant interaction between time, region 

and fragment size was observed in the pulse of CO2 after rewetting (Online Resource 8), showing 

higher Reco in soils from the northern region especially at 3 and 48 hrs (Fig. 4c).  

Plant growth and physiology 

Growth and physiological activity of seedlings were not affected by region or fragment size (Table 3, 

Online Resource 5), despite the differences in moisture and nutrient status observed between soils 

(Table 1). However, the physiological activity of seedlings was significantly affected by drought 

(Online Resource 5). Seedlings grown in soils from the southern region showed the lowest SLA 

(Table 3). Seedling survival varied significantly depending upon treatments, from no mortality in 

soils of small fragments from the northern region, to almost 50% seedling mortality in soils of large 

fragments from the southern region (Table 3). We did not find any consistent relationships between 

seedling growth (height, diameter, biomass, SLA), physiology (GPP, photochemical efficiency, 

stomatal conductance, water potential), and soil microbial communities (bacterial and fungal 

diversity and structure), soil biogeochemical properties (nutrients, soil moisture, stability), or soil 

functioning (enzymatic activity, Reco; Online Resource 9). 

Influence of soil moisture on the plant-soil-microbial system 

Linear regression analyses showed that Reco was highly sensitive to soil moisture (R2=0.499, 

p<0.001) (Fig. 5a), whereas GPP was not (Fig. 5b). As expected, correlations showed that soil 

functioning (Reco and enzymatic activities) were strongly related to soil moisture (Table 4). Fungal 

community structure (i.e. PC1 of fungal PCA; Fig. 2a) was negatively correlated with Reco and 

phosphatase activity (Table 4). Fungal diversity was negatively correlated with Reco and both enzyme 

activities (Table 4). Bacterial community structure (i.e. PC1 of bacterial PCA; Fig. 2b) was 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 

positively correlated with Reco and urease activity (Table 4). Bacterial richness and diversity were 

also correlated with Reco and phosphatase activity (Table 4).  

Results of the stepwise multiple regressions showed a strong relationship between soil 

moisture and the diversity and structure of microbial communities (Table 5). However, an opposite 

relationship with soil moisture was detected for the two microbial communities, with soil moisture 

negatively correlated with fungal structure and diversity and positively correlated with bacteria 

structure (Table 5). Furthermore, fungal community evenness was significantly affected by pH, 

aggregate stability and SOM, whereas fungal diversity was also affected by SOM (Table 5). 

Discussion 

Effects of the fragment size and the bioclimatic region over the plant-soil-microbial system 

In our study the physicochemical characteristics of soils were highly affected by fragment 

size and less by the bioclimatic region (i.e. northern vs. southern region). Soils from small fragments 

of both regions showed higher concentrations of essential ions, partially confirming our initial 

hypothesis that physicochemical characteristics of soils would differ in forest fragments of 

contrasting sizes. In a fragmented forest, the influence of the agricultural matrix tends to increase as 

the fragments become smaller due to an amplified relative importance of edge effects [10]. This 

influence over the physicochemical characteristic of small fragments and of the edge of large 

fragments tend to be higher when the matrix is agricultural [63]. Among other factors (lower tree 

competition and higher light availability), this increased fertility mediated by the matrix could also 

explain the presence of larger and more productive trees growing in the smaller fragments at both 

sites (authors personal observations), which are leading to more soil organic matter (SOM) 

accumulation in these soils. Soil water holding capacity was also higher in soils from small 

fragments, probably due to their higher SOM content, which typically increases the capacity of a soil 

to retain water [64, 65]. This increase in resources under small fragments was also reflected in an 
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increase in the functionality of the plant-soil-microbial system; both Reco and phosphatase activities 

were higher in soils from small fragments sizes in both regions.  

Unlike functional indicators, our results indicate that the microbial communities were more 

sensitive to the particular bioclimatic conditions of the two regions studied than to the size of the 

fragment. Under a low influence of the matrix (large fragments), soils from the colder and wetter 

region (northern) had higher microbial biomass and a more bacterial-rich community, while soils 

from the warmer and drier southern region had the lowest values of microbial biomass but the most 

diverse fungal communities. However, fragment size did not significantly affect the diversity and 

structure of the microbial communities, suggesting a strong resistance [37] of these communities to 

the potential changes in soil physicochemical properties associated with fragment size.  

Effects of climatic simulations over the functioning of the plant-soil-microbial system and its 

interactions with fragment size and bioclimatic origin  

Drought negatively affected the plant-soil-microbial system due to the strong effect of soil 

moisture over different functional indicators of the plant-soil-microbial system, such as autotrophic 

and heterotrophic respiration as well as plant productivity [18-20]. Decreases in metabolic activity 

related to drought have been found in other studies for both soil [66, 67], and enzymatic activities 

[68-70]. A synchrony in the reduction of Reco and enzymatic activity was expected when the 

microcosms were water-limited since both processes involve microbial aerobic activity, largely 

depend upon adequate water conditions [17-20, 67-71]. On the contrary, the observed lower effect of 

drought over GPP (only significant by the end of the drought) evidenced a higher resistance to 

drought of these seedlings with respect to microbes. This higher resistance to drought could be due to 

a higher capacity of plants to explore the water resources of soil than microorganisms, which are 

more static and dependants on water micro-conditions [17, 21, 23, 29, 31]. 
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Regarding microbial communities, the forced climatic simulations (drought and rewetting) 

were associated with strong and opposed fluctuations in the diversity of both bacteria and fungi. The 

observed increase in fungal richness and diversity together with the decrease in bacterial diversity 

during the drought reinforces the idea that fungi overcome water limitations better than bacteria [24, 

27-29, 34, 38]. This can be explained because bacteria are organisms evolved in aqueous 

environment, and are more diverse under optimal water conditions, while fungi are organisms 

evolved in terrestrial environments, tending to be more diverse under water limitations [29, 34, 38]. 

This was in agreement with the fact that soil rewetting produced an opposite effect with respect to 

that observed for drought on the microbial communities, decreasing fungal diversity and increasing 

bacterial diversity, respectively.  

Collectively, our results suggest that the bioclimatic origin of the soil microbial communities 

strongly determined both the modulation by fragmentation of the effect of drought and the capacity 

of the microbial community to respond to the simulated climatic fluctuations. Our results only 

partially support our second hypothesis i.e. that the functional response of the plant-soil-microbial 

system to climatic simulations (drought and rewetting) would be determined by the particular initial 

microbial communities and biogeochemical soil properties associated with fragment size. Only in the 

small fragments of the northern and wetter region the initial biological and physicochemical soil 

properties (e.g. higher bacterial richness and SOM content) appeared to have a strong positive effect 

over the functioning of the plant-soil-microbial system during drought (increasing Reco, GPP, urease 

activity under dry condition in small with respect to large fragments), whereas fragment size have 

less of an effect (significant only for GPP) in the southern and drier region. The sensitivity of the 

microbial communities (diversity and evenness) to the climatic simulations was also strongly 

dependent on the initial bioclimatic origin of the soils. Indeed, the stronger sensitivity of bacterial 

diversity and evenness from the northern (colder and wetter) with respect to the southern (warmer 

and drier) region indicates a different degree of historical adaptation to dry conditions from these two 
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communities. It is therefore likely that the harsher historical climatic conditions in the southern 

region may have acted as a strong habitat filter by selecting drought tolerant microbial species, more 

resistant to the simulated dry conditions of the experiment [72, 73]. In turn, the fast and significant 

increase in bacterial richness and diversity together with the strong pulse in CO2 after rewetting 

again suggest that soil microbial communities grown in soils from the northern region, richer in 

organic matter, were more resilient to changes in water availability. Therefore, whereas reducing the 

size of the fragment increases the fertility and water availability for both microbes and plants (hence 

ameliorating the effect of drought over the functioning of the plant-soil-microbial system), the lack 

of sensitivity to this increase in resources of the plant-soil-microbial systems with soils from the 

southern region could only indicate a lack of responsiveness of the soil microbial communities from 

this drier site, which were unable to recover the function. 

Conclusions 

A schematic overview of the main findings from this study is shown in Figure 6, ilustrating a 

continuum of drier to wetter conditions of soil and the interplay between the two climatically 

different regions and the fragment sizes. We observed here that, under optimal conditions (no water 

limitations) and in soils from the wetter region, the highest metabolic rates (Reco and enzyme 

activities) were generally associated with microbial communities dominated by rich bacterial 

communities, whereas under drought and in the southern and drier region, the relatively lower 

metabolic rates were associated with microbial communities dominated by rich fungal communities. 

Under drought stress, fragmentation modulates the functional response of both plants and microbes, 

especially in the relatively richer soils from the northern region, whereas fragment size did not 

substantially modulate the functional response of the microcosms with soils from the southern and 

drier region.  
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Our results, therefore, suggest that the drier conditions expected in the future for the already water 

limited Mediterranean basin will favour fungal-dominated soil microbial communities, leading to a 

slowdown of processes associated with the plant-soil-microbial system. Moreover, the interaction 

found here between drought and fragment size suggests that habitat fragmentation could, ameliorate 

to some extent and depending on the local bioclimatic conditions and soil physicochemical 

characteristics, the negative effect of increasing droughts by increasing the fertility and water holding 

capacity of soils.  
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Figure captions 

Fig. 1 Response of richness, Shannon diversity and evenness of fungal (a, b, c) and bacterial (d, e, f) 

communities of soils from two climatically different regions and two fragment sizes of Holm oak 

forests in Spain, to experimental simulation of drought and rewetting. Grey/white bars represent 

large/small fragments, respectively. Open/filled bars represent the northern or the southern region 

respectively. Data = mean ± SE. Significant differences given by post-hoc multiple comparisons by 

Tukey’s test (P<0.05) of the three-way ANOVA are indicated: main effects by capital letters (among 

condition) and significant interaction between factors by lower case letters (triple in the case of a, b 

and d; condition*region in the case of e and f; see Online Resource 6). 

Fig. 2 Principal component analyses (PCA) for soil fungal (a) and bacterial (b) communities of soils 

from two climatically different regions and two fragment sizes of Holm oak forests in Spain, and 

exposed to experimental drought and rewetting simulations. Soil treatments are represented by 

different symbols: circles = large fragments from the northern region; inverted triangles = small 

fragments from the northern region; squares = large fragments from the southern region; diamonds = 

small fragments from the southern region. Simulated experimental conditions are represented by 

different colours: white = pre-drought (Pre-Dro); grey = drought (Dro); black = rewetting (Rew). 

Error bars = SE. 

Fig. 3 Enzymatic activities: urease (a) and phosphatase (b) of soils from two climatically different 

regions and two fragment sizes of Holm oak forests in Spain, and exposed to experimental drought 

and rewetting simulations. Grey/white bars represent large/small fragments respectively. Open/filled 

bars represent the northern or the southern region, respectively. Data = means ± SE. Significant 

differences given by post-hoc multiple comparisons by Tukey’s test (P<0.05) of the three-way 

ANOVA are indicated: main effect of fragment size in phosphatase activity (not represented), and 
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significant interaction between factors by lower case letters (triple in the case of urease; 

condition*region in the case of phosphatase; see Online Resource 6). 

Fig. 4 CO2 fluxes of the plant-soil-microbial system of soils from two climatically different regions 

and two fragment sizes of Holm oak forests in Spain. Ecosystem respiration (a) and Gross primary 

productivity (b) both in drought simulation, and ecosystem respiration in rewetting simulation (c), 

where 0 means immediately before rewetting. Grey/white bars represent large/small fragments 

respectively. Open/filled bars represent the northern or the southern region, respectively. Data = 

means ± SE. Significant differences given by post-hoc multiple comparisons by Tukey’s test 

(P<0.05) of the three-way ANOVA are indicated: main effects by capital letters (among condition) 

and significant triple interaction between factors by lower case letters (condition*region*fragment 

size, see Online Resources 7 and 8). 

Fig. 5 Relationships between Ecosystem Respiration (a), Gross Primary Productivity (b) and soil 

moisture from two climatically different regions and two fragment sizes of Holm oak forests in Spain 

exposed to experimental drought and rewetting simulations. Soil treatments are represented by 

different symbols: grey circles = large fragments from the northern region; white inverted triangles = 

small fragments from the northern region; grey squares = large fragments from the southern region; 

white diamonds = small fragments from the southern region. R2 and P values of simple linear 

regressions are presented. 

Fig. 6 Schematic overview of simultaneous variations in fungal and bacterial richness, soil moisture, 

ecosystem functioning and their modulation though fragment size, as suggested by the results of the 

present study. 
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Table 1. Physicochemical characteristics of soils from two climatically different regions and two 

fragment sizes of Holm oak forest in Spain. Data = mean (SE) (n=12). The effect of factors is 

summarized on the left of the table. SOM = soil organic matter; CEC=cation exchange capacity. 

Significant differences (P<0.05) between main effects are indicated with capital letters (among 

region) and lower case letters (among fragment size).  

Northern region Southern region

Large 

fragment

Small 

fragment

Large 

fragment

Small 

fragment

Fragment 

effect

Water holding capacity (%) 40.1A,b

(2.4)

49.8A,a

(2.2)

38.9A,b

(0.9)

45.2A,a

(1.6)

CEC (cmolcKg-1) 26.5A,b

(4.3)

39.5A,a

(3.2)

27.6A,b

(1.5)

35.7A,a

(2.3)

Mg2+ (cmolcKg-1) 1.4A,b

(0.1)

2.5A,a

(0.2)

1.6A,b

(0.1)

3.1A,a

(0.5)

Ca2+ (cmolcKg-1) 24.2A,b

(4.1)

35.6A,a

(2.9)

24.5A,b

(1.4)

30.5A,a

(1.8)

Na+ (cmolcKg-1) 0.04A,b

(0.004)

0.07A,a

(0.01)

0.05A,b

(0.003)

0.07A,a

(0.01)

SOM (%) 12.1A,b

(1.9)

19.8A,a

(2.4)

10.3B,b

(0.7)

14.1B,a

(1.8)

N organic (%) 0.4A,b

(0.1)

0.8A,a

(0.1)

0.3B,b

(0.02)

0.5B,a

(0.1)

Region 

effect

P2O5 (mg Kg-1) 13.8A,b

(1.0)

34.4A,a

(4.2)

2.5B,b

(0.4)

16.5B,a

(1.7)

K+ (cmolcKg-1) 0.9B,b

(0.14)

1.7B,a

(0.1)

1.5A,b

(0.1)

2.0A,a

(0.1)

pH 7.1B,a

(0.3)

7.3B,a

(0.1)

7.9A,a

(0.04)

7.9A,a

(0.03)

Aggregate stability (%) 56.9A,a

(3.1)

57.1A,a

(4.0)

47.8B,a

(3.7)

49.1B,a

(2.9)

Microbial biomass

(mg C kg -1)

1013.4a

(6 6.9)

625.1b

(96.7)

621.6b

(29.6)

725.4ab

(41.3)

Table



Table 2. Response of fungal and bacterial community composition (first two components of PCA analyses) to the factors region, fragment 
size and drought at different experimental phases: pre-drought, drought and rewetting simulations, in soils from two climatically different 
regions and two fragment sizes of Holm oak forest in Spain. Data were analysed by three way ANOVA (n=6), and significant effects are 
noted in bold (*<0.05; **< 0.01; ***<0.001). PC1= first component and PC2= second component of Principal Component Analysis 
(PCA). In parentheses: percentage of variation explained by PCA axes.

Fungal (20.5%) Bacterial (33.2%)
PC1 (11.4%) PC2 (9.2%) PC1 (17.4%) PC2 (15.8%)
P F P F P F P F

Pre-drought 
to Drought

Drought (D) <0.001*** 63.22 0.515 0.44 <0.001*** 539.49 <0.001*** 81.852

Region (R) 0.155 2.23 0.070 3.77 0.421 0.685 0.296 1.173

Fragment size (F) 0.280 1.25 0.030* 5.67 0.311 1.097 0.807 0.062

D x R 0.001** 16.09 0.203 1.76 0.025* 6.178 0.188 1.902

D x F 0.156 2.21 0.250 1.42 0.911 0.013 0.369 0.855

R x F 0.161 2.16 0.433 0.65 0.237 1.521 <0.001*** 37.134

D x R x F 0.098 3.09 0.147 2.32 0.017* 7.214 0.004** 11.155

Drought to 
Rewetting

Rewetting (Rw) <0.001*** 90.87 <0.001*** 17.05 <0.001*** 85.59 <0.001*** 629.044

Region (R) 0.007** 9.73 0.686 0.17 <0.001*** 29.08 0.053 4.405

Fragment size (F) 0.034* 5.39 <0.001*** 23.20 0.295 1.175 0.449 0.602

Rw x R 0.029* 5.78 0.054 4.32 0.398 0.758 0.002** 13.269

Rw x F 0.150 2.29 0.129 2.55 0.625 0.249 0.729 0.123

R x F 0.750 0.10 0.024* 6.24 0.024* 6.287 0.005** 10.833

Rw x R x F 0.761 0.09 0.589 0.30 0.012* 8.068 0.019* 6.885



3 

Table 3. Seedling growth and physiology during drought simulation in soils from two climatically 

different regions and two fragment sizes of Holm oak forest in Spain. Data = mean (SE) (n= 7 for 

southern large and northern small fragments, and n= 8 for southern small and northern large 

fragments). Significant differences (P<0.05) are indicated with capital letters (among region for a 

given fragment size) and lower case letters (among fragment size for a given region).  

Northern region Southern region

Large fragment Small fragment Large fragment Small fragment

Germination (days) 64.1 (8.2)A,a 45.0 (3.8)A,a 60.6 (6.4)A,a 53.6 (5.9)A,a

Height (cm) 6.64 (0.9)A,a 8.6 (1.2)A,a 8.6 (1.9)A,a 6.1 (0.9)A,a

Diameter (mm) 2.12 (0.2)A,a 2.44 (0.3)A,a 2.3 (0.3)A,a 2.3 (0.4)A,a

Biomass (g) 1.3 (0.3)A,a 1.7 (0.3)A,a 1.4 (0.3)A,a 1.2 (0.4)A,a

Root/shoot ratio 1.2 (0.1)A,a 0.9 (0.1)A,a 1.0 (0.2)A,a 1.0 (0.1)A,a

SLA (cm2 g-1) 81.2 (3.4) B,a 71.7 (2.3)B,a 84.7 (3.8)A,a 86.2 (3.5)A,a

Fv/Fm predawn 0.66 (0.09)A,a 0.59 (0.10)A,a 0.63 (0.16)A,a 0.78 (0.04)A,a

Fv/Fm midday 0.60 (0.05)A,a 0.51 (0.07)A,a 0.61 (0.03)A,a 0.67 (0.03)A,a

Stomatal conductance 

(mmol s-1 m-2)
68.3 (15.2)A,a 74.7 (17.8)A,a 52 (11.2)A,a 59.8 (13.7)A,a

Water potential (MPa) -1.5 (0.4)A,a -1.7 (0.2)A,a -1.3 (0.4)A,a -2.2 (1.7)A,a

Survival (%) 87.5 ab 100.0a 57.1b 87.5ab
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Table 4. Correlations between soil functioning and soil moisture, fungal and bacterial diversity in 

soils from two climatically different regions and two fragment sizes of Holm oak forest in Spain. 

Data were analysed by Pearson’s correlation (n=36) and significant effects are noted in bold (*<0.05; 

**< 0.01; ***<0.001). Reco= ecosystem respiration; PC1= first component and PC2= second 

component of Principal Component Analysis (PCA). For the full correlation Table see Online 

Resource 10. 

Reco Phosphatase Urease

Soil moisture 0.68*** 0.45** 0.58***

Fungal richness -0.38* -0.33 -0.34

Fungal Shannon index -0.37* -0.38* -0.43*

PC1 Fungal -0.58*** -0.49** -0.30

Bacterial richness 0.41* 0.42* 0.29

Bacterial Shannon index 0.41* 0.40* 0.25

PC1 Bacterial 0.45** 0.34 0.51**

PC2 Bacterial 0.38* -0.10 0.06
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Table 5. Relationships between fungal and bacterial community structure and explanatory 

physicochemical soil variables in soils from two climatically different regions and two fragment 

sizes of Holm oak forest in Spain. Data were analysed by stepwise multiple regression (t-test) and 

significant effects using corrected P-value (sequential Holm-Bonferroni method) are noted in bold 

(n=36); n.s. not significant. β = standardized coefficient. SOM = soil organic matter. PC1= first 

component of Principal Component Analysis (PCA).  

Fungi Bacteria

PC1 

(R2= 0.55)

Richness

(R2= 0.23)

Shannon 

(R2= 0.41)

Evenness 

(R2= 0.39)

PC1 

(R2= 0.84)

Richness 

(R2= 0.37)

Shannon 

(R2= 0.34)

Evenness 

(R2= 0.30)

Soil moisture

β -0.79 -0.35 -0.52 -0.51 0.98 0.33 0.23 -0.52

Pearson correlation -0.74 -0.35 -0.53 -0.52 0.91 0.36 0.25 -0.50

P * n.s. * * * n.s. n.s. *

pH

β 4.78 -8.62 -13.36 -15.05 -1.95 9.30 9.82 -5.62

Pearson correlation 0.17 -0.22 -0.38 -0.41 -0.11 0.26 0.27 -0.15

P n.s. n.s. n.s. * n.s. n.s. n.s. n.s.

Aggregates (%)

β 5.35 -9.88 -15.21 -16.95 -2.26 11.11 11.68 -6.37

Pearson correlation 0.16 -0.23 -0.38 -0.41 -0.11 0.28 0.28 -0.15

P n.s. n.s. n.s. * n.s. n.s. n.s. n.s.

SOM (%)

β -1.14 2.40 3.80 4.39 0.15 -2.89 -2.93 2.04

Pearson correlation -0.14 0.21 0.37 0.41 0.03 -0.28 -0.28 0.19

P n.s. n.s. * * n.s. n.s. n.s. n.s.


