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ABSTRACT

The agroforestry activity of central Chile is developed under Mediterranean climate, characterized by long periods of 
water deficit conditions, particularly on hillsides with degraded and compacted soils. The objective of this study was 
to assess the effect of two soil and water conservation techniques on soil water content (SWC) and in plant growth 
and survival of three tree species. The conservation techniques evaluated were subsoiling with contour ridges (SB) and 
infiltration trench (IT), and a control treatment without soil management (CO). Growth and survival of Cytisus proliferus 
L. f. var. proliferus, Quercus suber L. and Quillaja saponaria Molina were examined. The experimental area was sown 
with a mixture of annual legumes. Conservation systems allowed higher SWC especially in years of higher rainfall (2008 
and 2009) at 20-40 and 40-60 cm depth. SWC was higher in SB followed by IT and CO, whereas at 60-80 and 80-100 
cm depth differences were significant only in the driest years. After 4 yr, plant survival of C. proliferus and Q. suber was 
similar in the three establishment systems (97% and 87%, respectively), but survival of Q. saponaria was lower in CO. 
Plant height in C. proliferus was higher in IT > SB > CO, while Q. suber was higher in SB > IT > CO; Q. saponaria had 
similar growth in SB and IT conservation systems but it was significantly higher (P < 0.05) than in CO. It is concluded that 
subsoiling with ridges has a great potential for degraded and compact soils of the Mediterranean region, allowing higher 
SWC in the profile and better tree establishment and growth.
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INTRODUCTION

Practices such as agroforestry and conservation agriculture systems have the potential to conserve soil and water resources, 
improve ecosystems services and restore soil organic C (Alfaro et al., 2018) through increased C inputs from higher 
biomass productivity (Corbeels et al., 2019; Kumar et al., 2020). However, agroforestry systems in the Mediterranean 
climate region of central Chile are highly dependent on precipitation, which is concentrated in winter. This zone is 
characterized by moderate to steep slopes and severely degraded soils (CIREN, 2010), which influence the establishment 
of forest species with the ability to withstand dry periods (5-6 mo) in highly compacted soils. On the other hand, 
Mediterranean environments can be dominated by episodes of torrential rain in some years producing a negative impact 
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on soil erodability (Aranda et al., 2012; Biazin et al., 2012; Martínez et al., 2012; Camarasa-Belmonte and Soriano, 2014). 
	 Due to this clear seasonality, water availability is one of the limiting factors in tree growth (Vicente-Serrano et al., 
2010). In this scenery, the adoption of erosion-preventative measures is more relevant now than ever before (Lal, 2019). 
For reforestation programs to be successful, it is therefore paramount soil and water conservation structures, as well as, to 
select species that adapt to low fertility compacted soils, high temperature variation, and are resistant to extreme drought 
conditions. It is predicted that climate change in the next decades will increase in global average temperature, as well as, 
the frequency and severity of droughts, especially in arid and semi-arid ecosystems where the projections indicate earlier 
and more prolonged droughts (Rolo and Moreno, 2019). This will negatively affect the sustainability and productivity of 
forests in Mediterranean environments (Aranda et al., 2012; Kumar et al., 2020).
	 This background information should emphasize the importance of water as a limiting factor for the future of forest areas 
and as a priority in planning new systems. Using conservation systems under these conditions allows the establishment 
of a more favorable water balance by increasing soil water infiltration, soil organic C and promoting its availability for 
agricultural and forest species during the dry period (Govaerts et al., 2009; Frankl et al., 2012; Labrière et al., 2015). 
Among the most used conservation techniques in forest systems, infiltration trenches help to reduce surface runoff and 
increase infiltration and soil water content (SWC) around the trenches (Makurira et al., 2009; 2011). Contour lines have 
also shown a positive effect in increasing SWC by capturing rainwater, which allows better tree establishment (Mupangwa 
et al., 2012; Kumar et al., 2020).
	 A number of multipurpose woody species can be used in agroforestry systems in central Chile (Ovalle et al., 2006). 
Among them is Cytisus proliferus L. f. var. proliferus (tagasaste), Fabaceae, an evergreen shrub from the Canary Islands, 
with good adaptation to degraded and low fertility soils, and high palatable leaves for animal grazing (de Miguel et 
al., 2016). Another species is Quercus suber L. (alcornoque), Fagaceae, an evergreen tree widely distributed in the 
Mediterranean basin (Pausas et al., 2009), which is mainly used for cork production but also its acorns are used for animal 
feeding (Gaspar et al., 2007); in Chile Q. suber growths well in granitic soil of the Mediterranean region (de Miguel et 
al., 2016). Finally, Quillaja saponaria Molina (quillay), Quillajaceae, is an evergreen tree endemic to the Mediterranean 
zone in Chile with interesting uses in the agroindustrial market (Moya et al., 2010). 
	 The objective of this study was to evaluate the effect of two soil conservation techniques and compare them with a 
control treatment on soil water content, as well as their effect on the survival and growth of three tree species: Cytisus 
proliferus, Quercus suber and Quillaja saponaria.

MATERIALS AND METHODS

Site description
The study area was located at the Cauquenes Experimental Center (35º97’ S, 72º24’ W; 140 m a.s.l.) owned by the 
Instituto de Investigaciones Agropecuarias (INIA) located in the interior dryland of the Maule Region, Chile. Long-term 
annual precipitation is 695 mm and 5 mo of drought period; rainfall is mainly concentrated in June-August (Figure 1). 

Figure 1. Monthly rainfall distribution from 2007 to 2009 compared with 44-yr mean precipitation in Cauquenes, Chile.
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Annual mean temperature is 14.7 ºC with a minimum of 4.7 ºC in July and maximum of 27 ºC in January (del Pozo and del 
Canto, 1999). The soil is classified as an Alfisol Ultic Palexeralfs (Stolpe, 2006) and is made up of granite origin materials, 
low organic matter (1.5%), and bulk density is 1.5-2.0 Mg m-3. Previous management of the site corresponded to natural 
pasture with Suffolk Down sheep grazing. 

Experimental design
Experimental plots of 1500 m2 (30 × 50 m) were set up in a hillside with a 25% slope in 2007 and followed up until 
2011. The treatments were: subsoiling with contour ridges (SB), which was subsoiled at a mean depth of 40 cm carried 
out in 2007 followed by the building of a contour ridge (15-20 cm high) used for tree planting (Figure 2a); infiltration 
trench (IT) (Figure 2b), which consisted in digging a trench (40 cm deep) with a contour ridge (40 cm high) used for tree 
planting; and a control treatment (CO) without soil management and with tree planting (Figure 2c). All treatments had 
three replicates with a distance of 12.5 m between each system (Figure 3). Three multipurpose species were established: 
Cytisus proliferus L. f. var. proliferus, Quercus suber L. and Quillaja saponaria Molina, which is a multipurpose woody 
species, with a spacing of 1 m accommodated 90 plants in each treatment (± 30 cm tall). The experimental area was 
sown with a mixture of annual legumes in May 2007. The mixture contained balansa clover (Trifolium michelianum 
Savi), subterranean clover (T. subterraneum L.) ‘Gosse’ and ‘Clare’, and burr medic (Medicago polymorpha L.) and was 
characterized for its good persistence in granitic soils of the Mediterranean region.

Figure 2. Treatments disposal established at the field experiment: subsoiling with contour ridges (A), infiltration trenches 
(B), and control (C).

	 Soil water content (SWC) was analyzed during 2007-2009 using a split-split-plot experimental design with three 
replicates: conservation systems (large plot), depth (subplot), and tube location (sub-subplot) were considered in the linear 
model; Date×Depth, Depth×Tube location, and three-way interactions were also evaluated. Growth variables: height, trunk 
diameter, crown diameter and tree survival were analyzed during 2007-2011 by a random split-plot design with three 
replicates: woody species (main plot), conservation systems (subplot), and the interactions between factors were considered. 
Data were processed with the SAS software program version 9.1.3 Service Pack, 2002-2003 (SAS Institute, Cary, North 
Carolina, USA) by the GLM procedure for ANOVA and Tukey’s test to compare means of significant values (p ≤ 0.05).
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Soil water content (SWC) and tree growth measurement 
Soil water content was determined with a neutron gauge (Troxler 4300; Troxler Electronic Laboratories, Research 
Triangle Park, North Carolina, USA) in aluminum access tubes with a diameter of 50 mm and 120 cm long. These tubes 
were installed vertically at a 110 cm depth when the trial was established (Figure 3). Four tubes were installed in each 
replicate and located at a distance of 50 and 100 cm up and down each treatment (Figure 4). Readings were taken every 
20 cm up to the 100 cm depth, readings started at the end of each winter rainy season at 1- to 3-wk intervals. The period 
from January to April was not considered given the Mediterranean climate zone and the fact that SWC stabilizes during 
the dry period. Six extra tubes were installed to calibrate the neutron probe. Two tubes were evaluated at the start, in the 
middle, and at the end of the SWC evaluation period. Samples to determine volumetric SWC were taken at 30 cm distance 
from each tube at the same depth as the readings. A linear calibration curve was obtained with the SWC results and the 
respective probe readings. Equations of the straight line and their respective adjustment coefficients (R2) were determined 
for the 20, 40, 60, 80, and 100 cm soil depths. Gravimetric water content at each depth was converted into volumetric 
water content by the corresponding apparent density. The regression analysis between soil volumetric water content and 
the neutron probe reading was R2 = 0.84. Trees were planted in autumn 2007 when the trial was established. After the first 
year, the following parameters were evaluated annually (2008-2011): height, trunk diameter, and DM (at 60 cm height for 
each species). Survival rate (%) was evaluated in the autumn of 2008 and 2011. 

Figure 3. Field experiment layout and plot size for each treatment.

Black circles are location of aluminum access tubes.

Figure 4. Location of aluminum access tubes at a distance of 50 and 100 cm up and down each treatment. 
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RESULTS AND DISCUSSION

Effects of conservation techniques on SWC
Annual rainfall was 372, 768, and 536 mm for 2007, 2008, and 2009, respectively, and 80% of the annual rainfall was 
concentrated in May and August; however, in May 2008 the high intensity rains reached 370 mm (Figure 1). Results 
indicated that conservation systems allow higher SWC accumulation, especially in the years with higher rainfall (Figure 5); 
at 20-40 and 40-60 cm depth SWC was significantly (p < 0.05) higher in SB followed by IT and CO in the 3-yr period, 
whereas at 60-80 and 80-100 cm depth differences were significant only in the driest years (Table 1). The main differences 

Figure 5. Soil water content at 20-40 and 40-60 cm depth during dry period for the 2007 (A, B), 2008 (C, D), and 2009 
(E, F) seasons.

SB: Subsoiling with contour ridges; IT: infiltration trench; CO: control.
For each date different vertical bars refers to ± standard deviation of the mean (n = 36).
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in SWC among establishment systems were between 20 and 60 cm depth (Figure 5). The decrease in SWC is explained 
by the fact that the evaluations were carried out between September and December, this is when rainfall decreases and 
evaporation and temperature increase. At the start of the season of the driest year (2007) the SWC at 20-40 cm in SB was 
27% and 68% higher than in IT and CO, respectively, whereas in the wettest year (2008) these differences were 14% and 
32%, respectively. The decline in SWC from the beginning to the end of the evaluations was more pronounced in CO 
compared to SB and IT, in both driest and wetter years (Figure 5). 
	 Each season was characterized by a period of water accumulation in the soil and a period of water reduction in the 
profile due to a decrease in rainfall. Conservation techniques showed higher efficiency in capturing rainwater during the 
winter and allowing greater SWC availability during the dry season (Makurira et al., 2011; Castaldi and Chiocchini, 2012; 
Nichols et al., 2012). Lower water content in the profile, such as the one observed in the control treatment (CO), would 
indicate increased surface runoff; this is a factor of great interest for this area that is characterized by severely eroded soils 
(Martínez et al., 2011; 2012).
	 Among the conservation systems, IT systems have been recognized by various authors as a technique that promotes 
SWC, especially in arid zones (Makurira et al., 2009; 2011; Lenka et al., 2012). Contrary to expectations, this technique 
was not the most effective even with values similar to the CO treatment that were observed in the 2009 season; it is 
open to discussion that part of the water captured in the trenches was lost through evaporation. Makurira et al. (2007) 
mentioned that topography sometimes diverts surface runoff from the highest areas towards the ITs; according to our field 
observations, water captured by ITs was evident after rain events (Figure 2b). 
	 It has been pointed out that when compaction is deep, more radical measures such as subsoiling are necessary; the most 
obvious benefit of subsoiling is the breaking up of compacted subsoil layers to improve root growth and increase rainfall 
infiltration in the soil profile (Martínez et al., 2011). Results revealed that SB was much more effective in promoting 
higher water infiltration towards lower horizons; although the breakdown by subsoiling was up to 40 cm depth, higher 
SWC was observed up to 60 cm (Figure 5). An increased infiltration of water, reduces soil crusting, compaction and 
erosion (Corbeels et al., 2019; Kumar et al., 2020). Finally, it was observed that the slope effect promoted higher SWC in 
the system where the species were established and this would have helped its adaptation. 

Effect of conservation agriculture techniques on establishment of tree species
Our results showed that drought conditions declined tree growth and increased the tree mortality. However, conservation 
techniques had a significant effect on plant height, crown diameter and trunk diameter in the three evaluated species 
(Table 2 and Figure 6). Plant height in C. proliferus was higher in IT > SB > CO, while in Q. suber it was higher in SB > 
IT > CO; Q. saponaria exhibited similar growth in both conservation systems, but it was significantly higher (P < 0.05) 
than in CO. The survival rate of Q. saponaria at the end of the experiment (2011) was lower in the CO system (57%), 
while C. proliferus and Q. suber had similar survival rates in the three systems (97% and 87%, respectively) (Figure 7). 
	 As mentioned by Lv et al. (2019) drought stress decreases the growth and development by reducing photosynthetic rate; 
however, SWC enhances the growth increment in semi-arid climates (Kumar et al., 2020). Scarce SWC in the dry season 
(summer) and the high apparent density affected the growth and survival of the three species under study when these 

Table 1. Average soil water content at different depth in three conservation techniques from 2007 to 2009. 

SB: Subsoiling with contour ridges, IT: infiltration trench, CO: control.
Different letters in the same column indicate differences for treatments according to Tukey’s test 
(P < 0.05).

2007	 SB	 29.12a	 34.99a	 43.19a	 55.56a
	 IT	 20.01b	 28.05b	 39.83ab	 55.28a
	 CO	 6.52c	 18.74c	 37.40b	 47.12b
2008	 SB	 34.01a	 39.74a	 47.81a	 56.42ab
	 IT	 23.18b	 32.05b	 42.20a	 52.07b
	 CO	 12.78c	 25.44c	 48.33a	 62.62a
2009	 SB	 47.77a	 50.83a	 55.20a	 62.80ab
	 IT	 37.81b	 42.02b	 48.53b	 57.99b
	 CO	 33.09c	 42.16c	 55.71a	 66.43a

20-40 40-60 60-80 80-100

Soil depth (cm)
Year

mm

Treatments
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Figure 6. Trunk diameter of Cytisus proliferus (A), Quercus suber (B), and Quillaja saponaria (C), in subsoiling with 
contour ridges (SB), infiltration trench (IT), and control (CO) for 2008 and 2011.

For each year different vertical bars refers to ± standard deviation of the mean (n = 90).

Table 2. Plant height and crown diameter of Cytisus proliferus, Quercus suber, and Quillaja saponaria from 2008 to 2011.

SB: Subsoiling with contour ridges; IT: infiltration trench; CO: control.
Different letters in the same column indicate differences for treatments according to Tukey’s test 
(P < 0.05).

Plant height, cm	 C. proliferus	 SB	 136b	 108b	 156b	 184b
		  IT	 174a	 122a	 175a	 219a
		  CO	 133b	 95c	 147b	 150c
	 Q. suber	 SB	 56a	 69a	 76a	 109a
		  IT	 56a	 63a	 70a	 91b
		  CO	 54a	 53b	 57b	 70c
	 Q. saponaria	 SB	 75a	 86a	 108a	 105ba
		  IT	 78a	 87a	 102a	 118a
		  CO	 70a	 70b	 83b	 92b

Crown diameter, cm	 C. proliferus	 SB	 171a	 172a	 183a	 211a
		  IT	 177a	 182a	 201a	 223a
		  CO	 111b	 120b	 137b	 150b
	 Q. suber	 SB	 67a	 80a	 94a	 119a
		  IT	 57b	 61b	 81b	 91b
		  CO	 58b	 58b	 73b	 72c
	 Q. saponaria	 SB	 62a	 68a	 98a	 109a
		  IT	 60a	 68a	 93a	 105a
		  CO	 42b	 54a	 71b	 83b

2008 2009 2010 2011Evaluation TreatmentsTree species
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were established without water and soil conservation techniques (Frankl et al., 2012; Fu et al., 2012; Guto et al., 2012; 
Kouba et al., 2012). The C. proliferus and Q. suber species exhibited better adaptation and rapid growth in soils without 
compaction problems as found in the two conservation techniques; however, IT production had a higher economic and 
human cost. On the other hand, higher growth of Q. suber in SB indicated that growth is higher in soils with higher soil 
water availability (Figure 6). The establishment and growth of Q. saponaria was independent of soil management, but its 
major disadvantage was survival when it was established without any conservation technique. This concurs with findings 
reported by Donoso et al. (2011), who indicate that high water restriction affects the physiology of this species, provokes 
a reduction of stomatal conductance, net photosynthesis, and transpiration, and produces lower leaf and root biomass. 

CONCLUSIONS

Although infiltration trenches provided adequate conditions for establishing trees, they did not promote higher soil water 
content. A much simpler technique was subsoiling with ridges, which shows great potential for these conditions by 
promoting highest water content in the profile and a successful tree establishment. Cytisus proliferus exhibited better 
adaptation and rapid growth in the infiltration trenches, whereas the growth of Quillaja saponaria exhibited higher growth 
in subsoiling with ridges. Establishment and growth of Q. saponaria was independent of soil management; however, it 
exhibited lower survival when it was established without any conservation technique. These results show that subsoiling 
with contour ridges should be considered as an innovative conservation technique in planning agroforestry systems for 
severely degraded granitic soils with high slopes in Mediterranean climates. 
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