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Abstract

:

Deforestation and the use of fire to clear land have drastic effects on ecosystem functioning and compromise essential ecosystem services, especially in low-income tropical countries such as Madagascar. We evaluated the effects of local slash-and-burn practices on soil nutrients and arbuscular mycorrhizal (AM) fungi abundance in a southwestern Madagascar forest. Nine sampling plot pairs were established along the border of a reserve within the Fiherenana–Manombo (pk-32) complex, where soil and seedling root samples of the endemic tree Didierea madagascariensis were taken. We analysed soil extractable PO43−, NH4+, and NO3− as well as total soil carbon and nitrogen. We analysed AM fungal abundance in soil and roots through fatty acid marker analysis (NLFA and PLFA 16:1ω5), spore extraction, and root staining. Slash-and-burn caused an increase in pH and doubled the plant available nutrients (from 7.4 to 13.1 µg PO43− g−1 and from 6.9 to 13.2 µg NO3− g−1). Total C and total N increased in deforested soil, from 0.6% to 0.84% and from 0.06% to 0.08%, respectively. There was a significant decline in AM fungi abundance in soil, with a decrease in soil NLFA 16:1ω5 from 0.2 to 0.12 nmol/g. AM fungi abundance in D. madagascariensis roots was also negatively affected and colonization decreased from 27.7% to 16.9% and NLFA 16:1ω5 decreased from 75.7 to 19 nmol/g. Together with hyphal network disruption, increased nutrient availability caused by burning is proposed as an explanation behind AM decline in soil and roots of D. madagascariensis. This is the first study to report the effects of slash-and-burn on AM symbiosis in Madagascar’s dry forests, with likely implications for other tropical and subtropical dryland forests worldwide where slash-and-burn is practiced.
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1. Introduction


The severe deforestation affecting Madagascar for the past 100 years is becoming increasingly recognized, with less than 10% of its primary forest cover remaining (Harper et al., 2007 [1]). This decline is caused by high human population growth coupled with forest exploitation, which seriously threatens endemic plant species (Goodman and Benstead, 2003 [2]). The Spiny Forest, a dry primary forest typical of southwest Madagascar, has been identified as a global conservation priority (Seddon et al., 2000 [3]) because of its high rate of endemism, reaching almost 90% of vascular plant species (Callmander, 2011 [4]). This centre of endemism occupies approximately 44,000 km2, but less than 3% of this area is protected (Wilmé, 2006 [5]). Studies have shown that the southwestern Spiny Forest of Madagascar has a similar function and behaviour to other dry forests of the world (e.g., Mexico), with similar basic ecosystem characteristics such as plant biomass, nutrient concentration, and nutrient storage (Raherison and Grouzis, 2005 [6]). Slash-and-burn maize agriculture and timber foraging for charcoal production have been defined as the driving factors for deforestation in this region (Casse et al., 2004 [7]). Despite its global importance, the Spiny Forest has received little specific ecological research and it has been identified as a highly understudied at-risk region, with most studies having taken place in areas with very different soil and hydrology (e.g., the Mahafaly calcareous plateau (SuLaMa project) or the Mikea forest) (Seddon, 2000 [3]; Randriambanona 2018 [8])).



Deforestation practices in the tropics using fire are known to affect important soil properties and processes, such as soil chemical and physical parameters, nutrient cycling (Giardina 2000a [9]; Beliveau 2015 [10]; Ribeiro Filho 2015 [11]), and carbon dynamics (Don 2011 [12]; Beliveau 2015 [10]; Mukul 2016 [13]), and to cause alterations in the soil microbial community (Bellgard, 1994 [14] Rodrigues 2012 [15]; García de León 2018 [16]). Slash-and-burn practices used in Madagascar (hatsake) are known to cause soil erosion, soil compaction, and long-term nutrient loss through volatilization and leaching (Styger 2009 [17]; Leprun 2009 [18]; Gay-des-Combes 2017 [19]). These changes can lead to further changes in ecosystem functions and services, such as loss of soil fertility, forest regeneration, or sustainable agroforestry use (Runyan, 2012 [20]; Gay-des-Combes 2017 [19]). The effects of fire disturbance can be particularly strong in dry and extreme habitats of the world, such as southwest Madagascar, and natural vegetation succession on cleared land is not thought to revert towards mature forests (Leprun 2009 [18]). However, very little is known about how the soil and the microbial community of the dry southwestern forests respond to slash-and-burn practices, as they are fundamentally different in nature from the more extensively studied eastern humid rainforest soils (Styger 2007 [21]; Raharimalala 2012 [22]).



Within the soil microbial community, the importance of mycorrhiza for forest ecology is evident. Over 75% of vascular plant species live in symbiosis with arbuscular mycorrhizal (AM) fungi (Newman and Reddell, 1987 [23]; Smith and Read, 2008 [24]). These provide significant advantages to their hosts, such as increased nutrient absorption (mainly phosphorous), resistance to water stress, and improved edaphic adaptation (Johnson, 2010 [25]). The role of AM is not limited to the individual plant but also influences the whole plant community, intervening in community composition, diversity, and succession (Van der Heijden, 1998 [26]; García de León 2018 [16]). Lastly, the presence of AM fungi in soil influences the whole microbial community both directly and indirectly, affects soil structure, and is thought to make a large contribution to soil carbon pools in tropical forests (Rillig, 2001, 2004 [26,27]). AM fungi abundance is affected by disturbance and land use changes in tropical ecosystems (Johnson and Wedin, 1997 [28]; Muchane et al., 2012 [29]). For this reason, AM are considered as a factor of great importance in assessing the effects of deforestation and disturbance and have been taken into account in the design and implementation of successful reforestation projects (Wubet et al., 2003 [30]; García de León 2018 [16]). The effects of slash-and-burn on AM fungal abundance and diversity in soil have received little or no attention in the whole of Madagascar, with most studies focusing on changes in land use in general (Tedersoo, 2011 [31]). Considering the importance of fungal symbiosis in plant growth and successional processes occurring on disturbed land (Van der Heijden, 1998 [26]), understanding the effect of slash-and-burn on AM status of plants and soils in southern Malagasy systems is vital.



Lastly, most studies of mycorrhizal fungi in Madagascar have taken place in the humid eastern part of the island, with the mycorrhizal status of native eastern trees and orchids only recently being assessed (Ducousso et al., 2008 [32]; Yokoya, 2015 [33]). To date, the mycorrhizal status of plant species endemic to the southwest has never been described, and given the high endemic value of this vegetation type, even within the island (50% of species are unique to this ecotype), this represents an important knowledge gap. Didierea madagascariensis Baillon, Henri Ernest (1880) is the phytosociological key species of the study area and belongs to the Didiereaceae (Caryophyllales), a family endemic to the region. The Caryophyllales order is typically nonmycorrhizal but some of its species are known to present important mycorrhizal colonization, for example, in extremely saline or arid habitats. So far, no efforts have been made to assess the mycorrhizal status of any of the Didiereaceae family members ([34]).



In this project, we studied the effects of traditional slash-and-burn practices along the border of a protected area of the dry forest of southwest Madagascar. Our aims were to establish a preliminary assessment of the effects of slash-and-burn disturbance levels on important soil properties and AM fungi abundance in soil through soil chemistry analysis, spore extraction, and signature fatty acid analysis—a tool which has proved useful for the estimation of AMF (Arbuscular mycorrhizal fungi) biomass in soils (Olsson, 1999 [35]). In addition, the effects of deforestation on the presence of AMF in the roots of the key tree species, D. madagascariensis, was assessed both through traditional root staining and fatty acid analysis. We hypothesized that slash-and-burn would negatively affect AMF abundance in soil (fatty acid markers and spores) and roots (fatty acid markers and colonization) when compared to original undisturbed forests. Additionally, we hypothesized that changes in AM symbiosis in D. madagascariensis may be partly explained by changes in soil nutrient parameters caused by deforestation.




2. Materials and Methods


2.1. Study Area


This study was conducted in an area of Madagascar’s Spiny Forest eco-region, located between the Fiherenana and Manombo Rivers, in the province of Tulear. This region has a dry tropical climate, where average rainfall is 300 mm per year, of which 85% falls between November and March. The mean annual temperature is 26 °C, with a peak of 42 °C in December (Salomon, 1987 [36]).



The region where the study site is located is known as the Fiherenana–Manombo complex, or the pk-32. This region is sometimes called “South Mikea” as it is geologically similar to the neighbouring Mikea forest. Both areas have similar forest stands that grow on unconsolidated arid red sandy entisols and are clearly differentiated from the spiny thickets on the dryer calcareous plateau south of Tulear (Seddon 2000 [3]). However, plant communities in the two areas differ significantly. In the pk-32 study area, the vegetation type has been identified as “dry spiny forest on de-calcified red sand”, with the phytosociological key species D. madagascariensis (Cabanis and Chabouis 1987 [37]). The sampling area was located in proximity to the village of Mangily in the rural commune of Belalanda. The village is a fishing community and a small tourist coastal destination of approximately 7000 inhabitants in 2012. Agriculture is of small economic importance. Sampling sites were located on the 2-km border of the Reniala Private Reserve (23°12’53’’S, 43°61’98’’E), which is privately owned land that locals are not allowed to enter. The forest is characterized by a lack of an herbaceous layer, where understory vegetation consists of shrub species of Combretum, Chadsia, and Croton, and has an arboreal stratum that includes species of Delonix, Givotia, Euphorbia, Pachypodium, and Commiphora.



The deforested areas sampled outside the border had been selectively logged by locals (all large and valued timber for construction and coal production) and then cleared with the use of fire until only remnant vegetation was present. The land was then fenced with a barrier and used intermittently for wood and medicinal plant collection. According to local knowledge, burning had occurred within a period of 0–5 years prior to sampling, with areas furthest from the village burned more recently than areas close to the village—although areas closest to the village were more severely burned and occasional burning still occurred intermittently to stop the spread of vegetation. The deforested land retained a few forest tree specimens of D. madagascariensis, Givotia madagascariensis, Delonix sp., Adansonia sp., and the shrub Securinega perrieri. No land cultivation had taken place prior to sampling.




2.2. Field Sampling


During the first weeks of the rainy season in January 2012, nine 100-m transects were established perpendicular to the border of the forested area, each between 100 and 200 m apart. Transect positions followed the road leading away from the town of Mangily into the forest, with a being the transect closest to the town (1-km distance) and i being the furthest (2.5-km distance) (Figure 1). Sampling was performed in this way in order to asses any effect of proximity to the town on results, including distance from town as a fixed factor in posterior analysis. Half of each transect was located inside the border of the forest reserve and half in deforested plots outside the border. Throughout the transects, vegetation was examined in order to determine the species found in both forest and deforested plots. D. madagascariensis seedlings were the only species present in both areas with a viable sampling size. For each of the nine transects, a paired design was implemented: in each area (forested/deforested), transects were examined for one to three D. madagascariensis seedlings of approximately the same age (1–2 years) and size (15–20 cm), which were then pooled into one replicate sample per area (forested/deforested) by performing total harvest of identified individuals. Soil surrounding each plant sample was collected to a depth of 20 cm (0–20 cm) and pooled. This design yielded a total of nine replicates per area (forested/deforested). Root and soil samples were dried at 40 °C and stored dry until analysis.




2.3. Soil Chemistry


Extractable phosphate was analysed using flow injection analysis after 2 h of extraction following two different methods: first, according to Bray and Kurtz (1945 [38]), by using 100 mL of Bray-1 solution to 5 g of soil, and second, by using 100 mL of 0.05 M Na2SO4 and 0.02 M NaF solution to 20 g soil (NaFS). Extractable N (NH4+ and NO3−) was determined by flow injection analysis after 2 h of extraction in 0.2 M BCl2. pH was measured electrometrically in the supernatant of a 2-h water extraction in a rotator. Total carbon and total nitrogen were determined with a C:N Variomax element analyser.




2.4. Lipid Extraction and Analysis


To estimate AM fungal biomass, both soil and roots were subjected to phospholipid-derived fatty acid (PLFA) analysis according to Van Aarle and Olsson (2003 [39]). For each replicate, 5 g of dried soil was used, and an approximately 30-mg sample of dry roots was crushed with small pestles in Eppendorf tubes. Each sample was mixed with 10 mL of Blight and Dyer (1959 [40]) mixture (B&D) containing chloroform, methanol, and citrate buffer (1:2:0.8, v/v/v, pH 4) and left to extract for 2 h at room temperate. The phases were separated by adding citrate buffer chloroform to the lipids, which were then separated on prepacked silica columns (100-mg sorbent mass, Varian Medical systems, Palo Alto, CA, USA). Neutral lipids were eluted and collected with 1.5 mL chloroform, glycolipids with 6 mL acetone (discarded), and phospholipids with 1.5 mL methanol.



Transesterification of lipids to free fatty acid methyl esters was performed by addition of 1 mL of KOH in methanol and a 15-min incubation at 37 °C. Identification and quantification of phospholipid and neutral lipid fatty acids were performed using gas chromatography (Hewlett Packard 5890, 50m HPS capillary column, Palo Alto, CA, USA), with H2 as the carrier gas, by identifying peaks and comparing retention times relative to the internal standard fatty acid 19:0.



Fatty acids used for quantifying soil AM fungi mycelium and root colonization were NLFA 16:1ω5 and PLFA 16:1ω5. These are common in AM fungal storage lipids and membranes, respectively, but the specificity of PLFA 16:1w5 is low due to high background levels originating from bacteria (Olsson 1999 [35], Van Aarle and Olsson 2003 [39]).




2.5. Microscopic Analysis of Root Colonization


For each plant replicate, the root system was partitioned and a representative root sample was used for determining the percentage of AM fungal colonization. Roots were washed in water, cut into 1–3-cm pieces, and stained according to a modified version of the method described by Phillips & Hayman (1970 [41]). Thin and thick roots were cleared in 10% KOH at 60 °C for 1 and 2 days, respectively. Subsequently they were bleached in 30% H2O2 and then acidified for 10 min in 1 M HCl before staining with Trypan blue in 0.1% lactoglycerol overnight. Following one day of destaining in glycerol, thin and thick root pieces were mounted on separate slides. A visual count of the presence of AM fungal structures (arbuscules, vesicles, coils, and hyphae) was performed following the line intersect method of McGonigle et al. (1990 [42]) by evaluating approximately 50 intersections per slide (thin and thick roots) using a compound microscope.




2.6. Spore Extraction and Analysis


Spore extraction was performed according to the wet-sieving and sucrose-centrifugation method (Mckenney 1987 [43]) as follows. Soil (30 g) was thoroughly washed and the soil–water mixture was passed successively through a stack of sieves of 1000-, 250-, 125-, and 50-µm mesh size. The sieving from the three sieves with the smallest mesh size was added separately to water and centrifuged at 2000 rpm for 8 min prior to the resuspension of the pellet in a 50% sucrose solution and a second centrifugation for 4 min. The supernatant was washed on a 50-µm sieve before vacuum filtration. Spores were examined on filter paper in Petri dishes. Spore count was performed for estimating spore densities (spore/100 g) for each of the three size fractions (Class A 250–1000 µm, Class B 125–250 µm, Class C 50–125 µm) and total spore density was calculated as the sum of the three fractions (spore/100g).




2.7. Statistical Analysis


All data were checked for the assumption of normality with residual plots and the Shapiro–Wilk test on raw data and residuals. The assumption of equality of variances was tested with Levene’s test (lawstat package). When assumptions were not met, data were submitted to either logarithmic or square root transformations. All soil chemistry and AM fungus variables were independently tested for differences between areas with the Student’s paired t-test determined by transect location. The nonparametric Mann–Whitney U test was applied when conditions of normality were not met in either transformed or untransformed data. Fully orthogonal Spearman rank correlations were performed to assess the relationships between AM fungus variables and soil properties. Linear regression analysis was employed to identify the relationship between transect distance from the town and extractable nutrients. Statistical analysis and all graphs were performed with the statistical program R Studio (R Core Team 2017 [44]).





3. Results


3.1. Soil Chemistry


Soil pH was significantly higher in burned deforested than in forested areas (t = 4.11, df = 7, p ≤ 0.01) (Table 1) and showed a negative correlation with distance from the town in deforested areas (y = −0.0004x + 7.9 R2 = 0.70, p ≤ 0.05).



Total N was significantly higher in burned deforested areas (t = 2.61, df = 8, p ≤ 0.05). Deforested areas showed also significantly higher levels of total carbon (t = 2.64, df = 8, p ≤ 0.05). C:N ratio tended to be higher in deforested areas but this was not significant (t = 0.88, df = 8, p-value = 0.40) (Table 1).



The paired t-test showed that NO3− was higher in burned deforested areas (t = 5.22, df = 8, p ≤ 0.001). However, no significant differences were observed in NH4+ (t = 1.14, df = 8, p-value = 0.29) (Table 1). NO3− showed a strong negative linear regression with the distance from the town (Figure 2) and this relationship was stronger in deforested areas. Extractable phosphate as revealed by both Bray-1 and NaFS extraction showed significant differences between areas when analysed with paired t-tests (for Bray-1: t = 4.65, df = 8, p ≤ 0.001; for NaFS: t = 4.71, df = 8, p ≤ 0.001), being twice as high in burned deforested than in forested areas (Table 1). Phosphate levels also showed a negative linear regression with distance from the town. The regression relationship was stronger in burned deforested areas than in forested areas (Figure 2a).




3.2. Fatty Acid Analysis


D. madagascariensis root NLFA 16:1ω5 values analysed with a t-test proved to be significantly higher in forest roots than roots from deforested areas (t = −3.21, df = 7, p ≤ 0.01). Overall D. madagascariesis NLFA values ranged from 4.5 nmol/g in a sample from deforested areas to 127 nmol/g in a sample from forest roots (Figure 3).



Root PLFA 16:1ω5 was only detectable in four of the samples, three of which belonged to forest area roots with the highest value of 7.64 nmol/g. Soil NLFA 16:1ω5 was significantly higher in the forest areas (t = −2.25, df = 8, p ≤ 0.05). A similar tendency was found for soil PLFA 16:1ω5, but the difference was not significant (t = −1.05, df = 7, p-value = 0.33) (Figure 3).




3.3. Microscopic Analysis of Root Colonization


Total colonization levels (Figure 4) were significantly higher in D. madagascariensis roots from the forest than in roots from burned areas (t = −5.87, df = 8, p ≤ 0.001), and the same was found for vesicle colonization (t = 5.07, df = 8, p ≤ 0.001) and arbuscules (t = −5.02, df = 8, p ≤ 0.001). Hyphal colonization was analysed with a Mann–Whitney U test, which showed hyphal colonization to be significantly higher in forest roots (chi-squared = 3.95, df = 1, p ≤ 0.05)




3.4. Soil Spore Density


Total spore density tended to be higher in forest soil than in burned deforested soil (Figure 5), but spore densities varied greatly, from 1600 to 4600 spores per 100 g of soil (t = −0.64, df = 8, p-value = 0.54). The density of the bigger spores (Class A) showed a very weak tendency to be higher in forest soils (t = −1.16, df = 8, p-value = 0.28). The density of the medium-sized spores (Class B) showed no significant differences between areas when analysed with the Mann–Whitney U test (p-value = 0.93). The density of the smallest spores (Class C) showed no significant differences between areas (t = −0.61, df = 8, p-value = 0.56).




3.5. Relationships between AM Fungi Abundance and Soil Parameters


Correlation analysis of soil chemical properties (Appendix A Table A1) showed that soil pH was positively correlated with NO3−, extractable phosphate, total N, and soil carbon. Extractable phosphate and NO3− were strongly correlated with each other. Soil ammonium was not linearly correlated with any other soil parameter. Colonization levels were significantly negatively correlated with soil total N, total C, and pH. Root PLFA 16:1ω5 increased significantly with distance from the town and was negatively correlated with NO3 and pH. Soil PLFA 16:1ω5 increased with total soil C. Soil NLFA 16:1ω5 was positively correlated with soil PLFA 16:1ω5. Spore density was not significantly correlated with any of the measured soil parameters, though correlation with soil NLFA was near significance (p = 0.08).





4. Discussion


In the present study, we report for the first time the effect of slash-and-burn practices that have increased soil available nutrients and decreased AM fungal abundance in the soil of the dry Spiny Forest on red sand in southwestern Madagascar. Deforestation and the use of fire to clear land can have drastic effects on forest ecosystem functioning and compromise the continuity of many important ecosystem services, especially in tropical countries (Bradshaw, 2008 [45]; Beliveau, 2015 [10]; Gay-des-Combes 2017 [19]). Our results are an original contribution to understanding the effect of slash-and-burn on AM communities, since previous studies have shown contrasting results when reporting changes in soil chemistry and soil mycorrhizal communities, reporting systems with different levels of resilience to slash-and-burn disturbance (Kauffman 1992 [46], Certini 2005 [47], Cairney and Bastias 2007 [48]; García de León 2018 [16]). As a pivotal part of the soil microbial community, the reduced AM fungi abundance observed in our study may have consequences extending throughout the rest of the soil microbial and plant communities (Rillig, 2004 [49]). All of these alterations are important to know as they may affect the possibility and direction of secondary succession, ecosystem regeneration, or the potential for sustainable agricultural or forestry use of the affected land in this highly understudied landscape (Waeber 2015 [50]).



4.1. Soil Chemistry


Results show a marked increase of soil pH in areas affected by deforestation, accompanied by an increase in total carbon and nitrogen, orthophosphate, and nitrate. In contrast, deforestation did not significantly affect levels of soil ammonium. Overall soil chemistry characteristics position the Spiny Forest soil as a poor mineral soil with low carbon and nutrient contents, similar to reference values for arid sandy entisols (Brady 2002 [51]). Our regression analysis also showed that the distance from the town significantly affected nutrient values. Transects located closest to the town showed the highest levels of pH and soil nutrients within each area (both forested and deforested), while those furthest had similarly low values. Thus, we conclude that distance from the town is related to the degree of disturbance caused by man, with areas closest to the town having been more exhaustively cleared and exploited. It is worth remarking that correlations between soil chemical parameters and distance from town in all cases seemed to be higher in deforested than in forest areas. This may be due to the fact that, though people unlawfully enter the forest reserve, disturbance levels were much higher in deforested areas and thus had greater effects. Additionally, though deforested land is progressively cleared, this may not be the form taken by the anthropogenic disturbance in the forest. It was observed that people tend to enter the forest laterally at many different points along the road that runs parallel to the reserve border and, thus, this could partially explain why the correlation of soil nutrients and pH levels with distance from town was less strong in the forest.



Our soil chemistry results fit well into the established knowledge that slashing and burning plant biomass causes a release of nutrients (Giardina 2000a [9]), which then usually undergo leaching from soil if they are not promptly immobilized by vegetation or microorganisms (Gay-des-Combes 2017 [19]). In this ecosystem, however, rainfall is very low and the sampling was performed at the end of the long dry season. These conditions, together with the lack of nutrient uptake by plants (as cleared land is not yet cultivated) may have caused reduced nutrient leaching observed in the results. Observed pH increases constitute a common finding, as vegetation loss alone can cause base cation release that increases soil pH (Brady 2002 [51]). Additionally, fire alone increases soil pH because of organic acid denaturation and the release of base cations (Certini 2005 [47]). Additionally, ash also contains base cations and has an alkalizing effect on soils (Kauffman 1993 [52]).



The high levels of total nitrogen and carbon in deforested areas may appear to be a surprising result, as one might expect higher levels of nitrogen and carbon in forest areas due to the higher biomass. However, a recent meta-analysis (Wang 2012 [53]) shows that fire causes increases in total C and N in forest mineral soil. Incorporation of ashes and burned or unburned residues from the vegetation can cause C and N increases in an otherwise poor mineral soil (De Marco 2005 [54]). In the studied area, the clearing of land is often selective; locals partially cut and burn wood which is useful, leaving some organic matter to lie on the land to burn later. Thus, this may have significantly increased the organic matter in the poor sandy soil. Also, in such a warm and tropical climate, degradation of the litter, mineralization, and plant uptake of nutrients is thought to be fast (Garcia-Méndez 1991 [55]) and it may be that most nitrogen and carbon is stored in plant biomass and little in the soil. On the other hand, fire is also known to cause increases in soil total C due to the formation of more recalcitrant forms that are not easily degraded (Schmidt 2000 [56]). Such black carbon can constitute over 35%–40% of the total carbon in burned soils (Certini 2005 [47]). In our study, samples from deforested areas had obvious signs of containing carbon and were darker than soil from the forest, indicating black carbon (Ketterings 2000 [57]). Higher levels of nitrate in deforested areas may be firstly explained by the increase in total N available for mineralization. Secondly, the proportion of mineral N was higher in deforested than in forested areas, which may point towards an increased mineralization rate. Fire and slash-and-burn practices are known to cause pulses in NH4+ through pyromineralization of organic N, which is later converted to NO3− (Ellingson 2000 [58]). Slash-and-burn may also cause indirect increases in mineralization due to pH elevation and the greater availability of base cations and nutrients such as Ca and Mg. Interestingly, soil NH4+ showed no significant differences between cleared and forested land. It may be the case that increased soil pH caused nitrification in deforested areas to decrease the soil NH4/NO3 ratio. However, such differences could also be explained by NH4+ volatilization during fire or differential plant uptake of mineral N forms, and thus, in order to assert possible differences in mineralization rates, incubation experiments should be conducted.



The marked increase in available phosphate is also a known effect of deforestation and fire, as organic soil P is converted to orthophosphate through pyromineralization and higher pH increases P availability in the absence of Ca (Giardina 2000a [9]). Other studies have also shown that increases in extractable phosphate are a sensitive indicator of the use of fire in slash-and-burn practices (Giardina 2000b [59]), and the clear correlation between the distance from Mangily and the P levels reinforces this.




4.2. AMF Abundance in Soil and Roots of D. Madagascariensis


Total AM fungi abundance in the Spiny Forest, as measured by neutral lipid and phospholipid fatty acids, was overall quite low in both forested and deforested areas. Fatty acid values were similar to those reported for other arid sandy soils (Hammer et al., 2011 [60]). Though AM fungi abundance measured with NLFA and PLFA 16:1ω5 tended to be negatively affected by deforestation, this trend was only marginally significant in NLFA 16:1ω5. As NLFA may be used as a proxy for AM fungal abundance in soil (Olsson 1995 [61]), we may conclude that deforestation caused a reduction of the hyphal network. Other studies indicate that the direct response of mycorrhizal fungus biomass to deforestation and use of fire is not clear (Cairney & Bastias 2007 [48]). As in the present study, other studies found a decrease in fungal mycelium after prescribed fires (D’Ascoli 2005 [62], Rutigliano, 2007 [63]). The reasons for such decreases are thought to be soil sterilization, physical disruption of the hyphal network, and removal of potential hosts from soil. However, it is believed that effects vary greatly depending on the time elapsed since the disturbance. Though fungi are thought to be more sensitive to fire than bacterial groups (D’Ascoli 2005 [62], Ginzburg 2012 [64]), it may be that the fertilization effect often witnessed after deforestation, together with the greater ability of fungi to utilize recalcitrant materials (Leckie 2004 [65]), allows fungal biomass to recover after fires.



No effects of deforestation practice on soil spore densities were seen in this study. This appears to be a common finding (Johnson 1997 [28], Muchane 2012 [29], Zhang 2004 [66]), although other studies have also found either higher or lower spore densities in disturbed areas (Sene 2012 [67], Korb et al., 2000 [68]). In any event, it seems that spore densities may not be a good measure for the response of active mycorrhizal biomass—firstly, because we cannot estimate the age of spores in this study, and secondly, because sporulation depends on many factors and is often species specific (Rosendahl 2008 [69]).



Overall, the predominant effects of deforestation on the AM fungal community in soil are likely to be indirect. Thus, in a longer perspective, plant succession following disturbance is the most important factor that explains the direction of AM fungal abundance and community composition changes. As our study was conducted at an initial stage of secondary succession, before significant colonization of new vegetation, further studies would be needed to establish the direction of said succession and AM status of colonizing plants.



D. madagascariensis seedlings showed overall root colonization levels that varied from 12.9% to 33.4%, and this constitutes the first time the AM symbiosis has been described in the Didiereaceae family. Colonization structures and AM fungus fatty acid markers significantly decreased in seedling roots harvested in deforested areas. It may be that disruption of the AM fungal hyphal network, rather than changes in inoculum potential (spore densities), negatively affected the AM symbiosis in D. madagascarinsis seedlings, as suggested by Pattinson et al. (1999 [70]). However, other studies show that the response of AM root colonization to deforestation and fire appears to be plant-species specific, i.e., root colonization is known to both increase and decrease depending on the plant species and AM type, independently of changes in AM fungi abundance in soil. Azul and collaborators (2010 [71]) reported decreases in root AM fungi colonization levels of Festuca species that successfully occupied areas after fires. These results are in accordance with ours, as D. madagascariensis seedlings appeared to be one of few species that were able to colonize the cleared land.



In our study, negative correlations found between root colonization and increased nutrient availability (especially nitrogen) and pH may partly explain the changes in AM symbiosis in D. madagascariensis. According to the trade balance model, the increased nutrient availability in cleared land may have made investment in an AM fungal partner less advantageous than plant-allocated carbon above ground (Johnson 2010 [25]). Higher pH is also known to reduce colonization levels as nutrients like P become available. In the same way, decreased nutrient availability and increased competition in the forest may have made investment in a mycorrhizal symbiont more worthwhile. However, more experimental work would be required to disentangle which are the predominant factors affecting D. madagascariensis AM symbiosis (disturbance, reduced inoculum potential, or nitrogen, phosphorus, and carbon exchange budgets), with controlled pot experiments evaluating the importance of each factor. Further field research is also needed to assess AM symbiosis in other Spiny Forest species, both in the forest and the grasses that colonize cleared land.



Both in the case of soil chemistry and AM fungal abundance, one must keep in mind the limitations of such a field study. Both controlled experiments and vegetation studies incorporating temporal aspects are needed in order to make further assumptions on the mechanisms and dynamics behind the presented results. Lastly, due to the nature of the slash-and-burn practices employed (slow advancement of a deforestation front, selective clearing, and burning), the areas closest to the town suffer from higher levels of fire disturbance, but it is probable that also the longest time has elapsed since the first fire disturbance event began. As time passed since slash-and-burn events seems to be a factor of major importance in determining the response of soil and microbial communities, sampling at different stages of the system’s change may dim the clearness of response patterns and this should be addressed in experimental studies. However, the paired design implemented in this field study allowed us to determine that, overall, the differences between forest and burned areas are consistent and distinct.





5. Conclusions


This study constitutes a robust preliminary investigation of the effects of slash-and-burn practices on soil chemistry and AM fungi abundance in the Spiny Forest ecosystem of southwestern Madagascar. Results show clear effects of burning practices used by the inhabitants, where slash-and-burn caused a surge in plant available nutrients and a decline in AM fungi in soil and in D. madagascariensis roots. This is the first study to report such an event in southwestern ecosystems in Madagascar. Further studies are needed to assess the total loss of nutrients the ecosystem suffers through volatilization of the forest above and below ground biomass and to discern the response dynamics of nutrient stocks and AM fungi to seasonality and vegetation cover changes after burning at longer time scales. Given the high originality of this endangered ecosystem and the importance of AM fungi in vegetation succession, such knowledge is essential in order to understand and predict the future direction of vegetation patterns and ecosystem resilience to human fire practices.
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Appendix A



Table A1. Spearman’s rank correlation coefficients between soil properties (a), between AM fungal abundance and soil properties (b) and between AM fungal abundance (c) with significance tests (* p ≤ 0.05. ** p ≤ 0.01).
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	Distance (m)
	NH4 (µg/g)
	NO3 (µg/g)
	N (µg/g)
	Bray (µg/g)
	NaFS (µg/g)
	C (mg/g)
	C/N Ratio
	pH





	Distance
	1
	−0.45
	−0.57 **
	−0.12
	−0.68 **
	−0.58 **
	−0.22
	−0.28
	−0.49 *



	NH4
	
	1
	0.31
	0.09
	0.4
	0.46
	0.2
	0.24
	0.13



	NO3
	
	
	1
	0.64 **
	0.75 **
	0.62 **
	0.74 **
	0.55 *
	0.79 **



	N
	
	
	
	1
	0.41
	0.29
	0.96 **
	0.43
	0.74 **



	Bray
	
	
	
	
	1
	0.86 **
	0.47 *
	0.37
	0.81 **



	NaFS
	
	
	
	
	
	1
	0.35
	0.36
	0.60 **



	C
	
	
	
	
	
	
	1
	0.61 **
	0.73 **



	Ratio
	
	
	
	
	
	
	
	1
	0.31



	pH
	
	
	
	
	
	
	
	
	1
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	Distance (m)
	NH4

(µg/g)
	NO3

(µg/g)
	N

(µg/g)
	Bray

(µg/g)
	NaFS

(µg/g)
	C

(mg/g)
	Ratio
	pH





	Colonization
	0.3
	0.14
	−0.34
	−0.5 *
	−0.37
	−0.34
	−0.45 *
	−0.22
	−0.5 *



	Root PLFA 16:1ω5
	0.46 *
	−0.28
	−0.46 *
	−0.15
	−0.4
	−0.17
	−0.18
	−0.09
	−0.46 *



	Root NLFA 16:1ω5
	0.03
	−0.15
	−0.31
	−0.23
	−0.26
	−0.23
	−0.21
	−0.02
	−0.33



	Soil NLFA 16:1ω5
	−0.16
	0.08
	0.11
	0.33
	−0.06
	−0.11
	0.42
	0.24
	0.13



	Soil PLFA 16:1ω5
	−0.21
	0.36
	0.19
	0.36
	0.14
	0.13
	0.47 *
	0.34
	0.26



	Spores
	−0.1
	0.16
	0.15
	−0.08
	0.06
	0.13
	0.08
	0.28
	−0.04
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	Colonization (%)
	RootPLFA

(nmol g soil−1)
	RootNLFA

(nmol g soil−1)
	SoilNLFA

(nmol g soil−1)
	SoilPLFA

(nmol g soil−1)
	Spores

(100 g−1)





	Colonization
	1
	0.18
	0.56 *
	0.19
	−0.01
	0.12



	Root PLFA 16:1w5
	
	1
	0.54 *
	0.15
	0.08
	0.11



	Root NLFA 16:1ω5
	
	
	1
	0.46
	0.22
	0.2



	Soil NLFA 16:1ω5
	
	
	
	1
	0.82 **
	0.42



	Soil PLFA 16:1ω5
	
	
	
	
	1
	0.22



	Spores
	
	
	
	
	
	1
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Figure 1. The sampling site situated 1 km from the coast town of Mangily (indicated by a cross). Dark areas indicate intact forest and light areas indicate burned deforested areas. The vertical line indicates the position of the first sampling pair transect (a) and the blue line indicates the position of the last transect (i). 
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Figure 2. Linear regression showing changes in plant available nutrients with distance from the town of Mangily in meters. (a) Negative correlation between distance and extractable orthophosphate as measured by two different methods (Bray-1 and NaFS) in forested (Bray-1 y = −0.0053x + 16.25 R2 = 0.58, NaFS y = −0.001x + 2.65 R2 = 0.62 (p < 0.05)) and deforested areas (Bray-1 y = −0.0094x + 28.84, R2 = 0.82, NaFS y = −0.0016x + 4.71 R2 = 0.63 (p < 0.05)). (b) Extractable N in forested (NO3− y = −0.0078x + 19.97 R2 = 0.53 (p < 0.05), NH4+ y = −0.0006x + 2.99 R2 = 0.23 (p > 0.05)) and deforested areas (NO3− y = −0.0123x + 33.738 R2 = 0.54 (p < 0.05), NH4+ y = −0.0004x + 2.81 R2 = 0.31 (p > 0.05)). 
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Figure 3. Effect of deforestation on arbuscular mycorrhizal (AM) fungi variables of Didierea madagascariensis in deforested (D) and forested (F) areas, fatty acid 16:1ω5 content in roots of D. madagascariensis (nmol/g dried root) in forested and deforested areas (upper panel), and fatty acid 16:1ω5 in soil (nmol/g dry soil) collected in forested and deforested areas (lower panel). Error bars indicate 95% confidence interval and different letters above the bars indicate a significant difference (paired t-test, n = 9, p < 0.05). 
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Figure 4. Effect of deforestation on AM fungi root colonization levels (%) in D. madagascariensis in deforested (D) and forested (F) areas. Error bars indicate 95% confidence interval and different letters above the bars indicate a significant difference (paired t-test, n = 9, p < 0.05). 
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Figure 5. Spore densities in 100 g of dry soil in deforested area (D) and forested area (F): (a) total spores, (b) Class A spores (c), Class B spores (d), and Class C spores. Error bars indicate 95% confidence interval. In all cases, differences were nonsignificant according to a paired t-test. 
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Table 1. Summary of mean values and standard deviations for measured parameters in burned deforested and nonburned forested areas. Different letters indicate significance at p-value < 0.05 from a paired t-test or Mann–Whitney U test.
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	Parameter
	Forest
	Burned





	pH
	7.02 ± 0.21 a
	7.25 ± 0.19 b



	Phosphate-Bray (µg/g)
	7.40 ± 3.1 a
	13.1 ± 4.67 b



	Phosphate-NaFS (µg/g)
	1.01 ± 0.56 a
	2.05 ± 0.9 b



	NH4 (µg/g)
	2.14 ± 0.32 a
	2.00 ± 0.55 a



	NO2, NO3 (µg/g)
	6.96 ± 4.8 a
	13.2 ± 7.51 b



	Total N (µg/g)
	692 ± 233 a
	831 ± 224 b



	Total C (mg/g)
	6.63 ± 2.28 a
	8.42 ± 2.99 b



	C:N Ratio
	9.60 ± 0.90 a
	9.95 ± 0.92 a







Note: a, p ≤ 0.05; b, p ≤ 0.001.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  fire-01-00037


  
    		
      fire-01-00037
    


  




  





media/file8.jpg
[%] uoneziuojo 100y





media/file11.png
S \F

555555
333333

© 7 %D

555555
333333

m 7 AD
R NN N






media/file6.jpg
[,-B1owu] gmi:gL v41d 100y [ B jowu] gmi:9) v4Td lloS

0 o -3 8
= = =] 2
N o o~ - ) o o o o
o ]
@ ©
L
o o

a% ©

°S 2 22 9 9 9 o
R8BI I I

w o w o u
4 § = = ©
00000

_B jowu] gmL:91 V4N Il0S

0.00

[,_6 jowu] gmL:91 V4N J00y





media/file10.jpg
(a) Class A (b) Class B (c) Class C (d) Class T
014 14
3 3 a
a
012 2] 3 a8 &
| 2 x
10
2 2
08
» x
a s 15 15
L 0 0
o0z 02
o000 00 3 3
6 F B B 5 B B s






media/file7.png
[, Blowu] gm:9] vd1d 100y [, b jowu] GmL:9| V41d I10S
wn o P -

<
o
I

a b

____________

00000000000000
2222222222222

000000

[,_6owu] gmL:9] Y4IN 100y [, B jowu] gmL:9L V4N |10S





media/file9.png
///////////

55555555
333333






media/file5.png
PO, Bray [ug/g]

NO3 [ug/g]

20 _“.\ 4 Forest P Bray 10
~ x Forest P NaFS
e || g
15-A ® '\\ eforeste a
N \\Q @ _6
109 -~ RN
+ A A-A \\ '4
~ - A A “\
S FF -+« 1% 05
X X L FT -+
X VA -X}]l
0- OO
1000 1400 1800 2200
30 7 A IIzorest NO, B 15
x Forest NH,4
254, ? B
N
201 e . - 10
N
1544 A A
.. N
10 - . \A\o 5
5_
‘*‘it*ﬂf‘r-k*#
01— . 0

1000 1400 1800 2200

PO, NaFS [ug/g]

NH, [ng/d]





media/file3.png
Forest

Mangily

b
Main track






media/file0.png





media/file4.jpg
PO, Bray [ug/g]

NO; [ug/g]

201y

+ ForestP Bray 10
X Forest P RaFS
 Detorested P ey

. Deorestd p Nafs |- 8

154 o2

10

5

0 T T T T T T

1000 1400 1800 2200

30 15

254,

20 . R k10

1544 4
2 \\

10 ‘"'~.‘_..\A\.\\. of 5
*‘*i*-‘}fiiiﬁ\_
—— — 0

1000 1400 1800 2200

PO, NaF$ [ug/g]

NH, [ng/g]





media/file2.jpg
Deforested land






