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Abstract

:

Understanding soil moisture behavior in semi-dry forests is essential for evaluating the impact of forest management on water availability. The objective of the study was to analyze soil moisture based in storm observations in three micro-catchments (0.19, 0.20, and 0.27 ha) with similar tree densities, and subject to different thinning intensities in a semi-dry forest in Chihuahua, Mexico. Vegetation, soil characteristics, precipitation, and volumetric water content were measured before thinning (2018), and after 0%, 40%, and 80% thinning for each micro-catchment (2019). Soil moisture was low and relatively similar among the three micro-catchments in 2018 (mean = 8.5%), and only large rainfall events (>30 mm) increased soil moisture significantly (29–52%). After thinning, soil moisture was higher and significantly different among the micro-catchments only during small rainfall events (<10 mm), while a difference was not noted during large events. The difference before–after during small rainfall events was not significant for the control (0% thinning); whereas 40% and 80% thinning increased soil moisture significantly by 40% and 53%, respectively. Knowledge of the response of soil moisture as a result of thinning and rainfall characteristics has important implications, especially for evaluating the impact of forest management on water availability.






Keywords:


dry forest management; water harvesting; watershed management; water dynamics; semi-arid ecosystems












1. Introduction


Semi-dry forests where mean annual rainfall is below 650 mm occupy approximately six percent of the world’s forest area [1]. The area with semi-dry forests in Mexico corresponds to transition zones between semi-arid and temperate ecosystems and occupies approximately 22 million hectares, located from 1400 to 2600 m above sea level [2,3,4]. Semi-dry forests are critical in northern Mexico, as they are the main suppliers of water for agriculture and cities located at the valley bottom of watersheds [5]. Water regulation or retention by semi-dry forests are regarded as typical subjects for hydrological services [6]. However, there is a lack of knowledge regarding hydrological processes and more specifically soil moisture behavior as a result of lumber harvesting and silvicultural practices in these ecosystems.



Knowledge of soil moisture is fundamental for developing an understanding of numerous hydrological processes in soil hydrology, meteorology, and ecology research [7]. Soil moisture is also an important indicator of the hydrological health of ecosystems, as there is a positive correlation with porosity, organic carbon, and sand content [6,8]. Soil moisture varies greatly in both space and time because it is controlled by several factors such as atmospheric dynamics, soil properties, vegetation characteristics, and topographic features [7]. The canopy structure plays a significant role in forested ecosystems due to rainfall interception, moisture uptake for transpiration, and shading of the forest floor, which affects sub-canopy microclimate and evaporative drying of soil [9]. Consequently, soil moisture can be affected by silvicultural practices, including thinning. There are several studies on the effects of thinning and clear-cutting on soil water storage, including spatial and temporal variability [9,10,11,12]. Some studies report that high intensity thinning in dry forests increases soil water content due to the reduced interception and transpiration rates [13,14]. For example, the decrease in tree density from 100% to 74% in an alepo pine forest, and from 100% to 41% in an oak forest, increased soil water content up to 26% and 18%, respectively [15]. Several studies have also reported higher soil water content in low-density ponderosa pine stands compared to denser stands [12,16,17,18]. However, intense thinning could also increase evaporation from the ground and decrease soil moisture [11,19].



Precipitation patterns are among other important factors influencing the spatial and temporal variability in soil moisture [10]. In semi-arid ecosystems, Heisler-White et al. [20] showed that only large rainfall events (15 and 20 mm) increased soil water content and facilitated the moisture penetration deep into the soil profile (20 and 40 cm) of grasslands in the United States, located in northeastern Colorado. Although large rainfall events are needed to increase soil moisture, Sun et al. [6] found some ecosystems are far more sensitive to individual rainfall events, whereas others need periods of frequent rainfall to exhibit a response. Numerous studies in the literature address the effects of thinning on soil moisture dynamics and soil hydrological response, including changes in soil water storage, seasonal soil water content, and spatial and temporal variability of soil moisture at different scales [9,10,11,12]. However, extensive uncertainty persists since results vary greatly with climate, forest type and age, soil type and depth, thinning type and intensity, and time since thinning [10,11,19]. More important, there is little research describing eco-hydrological consequences of thinning in Mexico, and specifically, soil moisture behavior after thinning in semi-dry forests. Unfortunately, hydrological studies in the transitional zones of Mexico are limited, as long periods of observation are required to evaluate the impacts of management and land use. Nevertheless, studies for a limited time and specific purposes are a valuable source of information for a better understanding of hydrological processes in these zones.



The general objective of this study was to analyze the changes in soil moisture of three micro-catchments with similar tree densities subject to different thinning intensities in a semi-dry forest in Chihuahua, Mexico. The specific objectives were to (1) analyze the soil moisture dynamics as a function of rainfall events on three micro-catchments with similar tree densities (before thinning), and (2) evaluate the changes in moisture dynamics of the same micro-catchments after different thinning intensities (0%, 80%, and 40%). Knowledge of the response of soil moisture as a result of tree density and rainfall characteristics has important implications, especially for evaluating the impact of forest management over water availability in transition zones of northern Mexico.




2. Materials and Methods


2.1. Study Area


The study area is located in the Hydrological Region Cuencas Cerradas del Norte (RH34) [21], within the Santa Maria river watershed in the municipality of Namiquipa, in the State of Chihuahua, Mexico (Figure 1). The climate is semi-dry and semi-cold with a mean annual temperature of 14.8 °C. The mean annual precipitation of 494 mm falls as rain, primarily between June and October [5]. The highest temperatures in the year are during this rainy season, and the mean temperature during these months is 19.4 °C, while the mean maximum temperature during the same period is 27.3 °C. The mean annual evaporation is 1878 mm with approximately 59% occurring between March and July [5]. The area is at an elevation of 2150 m where the oak-pine forest is represented by Quercus hypoleucoides A. Camus., Quercus grisea Liebm., and Pinus engelmannii Carriere. The soil is haplic phaeozem, derived from the disintegration of igneous rocks with a loamy-clay texture [22]. Three micro-catchments with natural limits (watershed divide), similar soil, and vegetation characteristics were selected in this area (Figure 1). The areas were 0.27, 0.20, and 0.19 ha for micro-catchments 1, 2, and 3, respectively.




2.2. Micro-Catchments Characterization


The diameter at breast height, total height, and crown diameter of each tree located inside the micro-catchments were measured in January 2018. Basal area (m2 ha−1), canopy cover (%), and tree density (number of trees ha−1) were estimated from these measurements [23]. Ground cover inside the micro-catchments was characterized by sampling 20 (0.6 m2) quadrants, distributed on both sides of the mainstream (Figure 1). Inside each quadrant, the percentage of ground cover by litter, herbaceous vegetation, and bare soil were registered [24], including slope and roughness [25]. Soil infiltration, soil depth, bulk density, and soil porosity were estimated in three representative points in each micro-catchment [26].




2.3. Study Design and Thinning Application


The study included two time-periods: before thinning (2018), and after thinning (2019). The analysis was concentrated on the rainy season of each year (June–October). Thinning was performed in January 2019 with 0% (control), 80%, and 40% of intensity for micro-catchments 1, 2, and 3, respectively. These none, high, and intermediate thinning intensities were chosen to create different scenarios. Micro-catchment 1 was not thinned to control the rainfall variability between the two periods. The remaining tree densities after thinning were 100%, 20%, and 60% for micro-catchments 1, 2, and 3, respectively (Figure 2).




2.4. Rainfall Measurements


Two tipping bucket rain gauges (203 mm diameter) were installed to measure rainfall, with each tip representing 0.25 mm (Figure 1). Rainfall records were periodically downloaded using the software HOBO Ware Pro [27]. Additionally, rainfall depth, relative humidity, temperature, wind speed, and direction were measured by a weather station Vantage Vue (Davis Instruments), located 1 km from the study area. Various precipitation metrics were calculated for each rainfall event using the RIST software (Rainfall Intensity Summarization Tool) version 3.94 [28] (Table 1). Individual rainfall events were defined as precipitation events separated from each other by six hours with less than 1.27 mm of rain [28]. Additionally, the Antecedent Precipitation Index (API) was calculated following Dunne and Leopold [29]. The API is a running day-by-day measure of catchment wetness based on rainfall that occurred over the preceding days. It assumes natural drainage with evapotranspiration, reducing soil moisture continuously at a logarithmic rate.




2.5. Soil Moisture Monitoring


Soil volumetric water content (VWC) was monitored using sensors WaterScout SM100 [30] with 0.1% resolution and 3% accuracy. Two sensors were placed in each micro-watershed at 20 cm depth in two scenarios: (1) under canopy, and (2) inter canopy (Figure 3). The sensors under canopy remained under a tree after thinning, but some trees around the sensors were removed, depending on the thinning intensity. The sensors were connected to a micro-stations WatchDog serie-1000, which recorded VWC every 30 min. Data loggers were downloaded periodically using the SpecWare 9 software. The soil moisture records were related to the beginning and end time of each precipitation event to select the maximum and average VWC for each rainfall event (Table 1). Additionally, the mean and maximum daily, monthly, and total rainy season values were calculated.




2.6. Data Analysis


All data were graphically analyzed for each rainfall event and series of events throughout the rainy season of each year. Statistical analysis was performed using the mean and maximum daily records of soil moisture before and after thinning for both scenarios: inter canopy and under canopy. The difference among micro-catchments for each rainy season was evaluated by applying independent samples Student’s t-tests. The difference before and after thinning for each micro-catchment was analyzed using paired-samples t-tests. Additionally, data were analyzed using the Before-After-Control-Impact (BACI) design [31]. The BACI design used for the analysis was: one site impact; one site control; with multiple years before/after, where instead of years were analyzed multiple rainfall events. The BACI analysis was performed between micro-catchment 1 and 2, and between 1 and 3. The level used to determine differences was p ≤ 0.05. All statistical analyses were performed using SAS software [32].





3. Results


3.1. Soil and Vegetation Characteristics


Canopy coverage before thinning was similar between micro-catchments 1 and 3, and approximately 20% lower for micro-catchment 2 (Table 2). The mean basal area was 23.7 m2 ha−1, and the mean tree density was 2210 trees ha−1, with a similar number of trees between micro-catchment 2 and 3, and approximately 100 more trees ha−1 in micro-catchment 1. These slight differences, however, were not significant because the lower number of trees in some cases was compensated by the size of the trees. For example, micro-catchment 3 had a lower number of trees, but a higher basal area (Table 2). Ground cover was mainly litter (general mean, 68.8%), with a small variation between micro-catchments. Slope, soil depth, and roughness were also similar. Mean soil bulk density was 1.13 g cm−3 and mean soil porosity was high at 57%. The mean infiltration capacity was 146 mm h−1 (s.d. = 13.6). Thinning was conducted with minimal disturbance on the ground so changes after thinning were mainly on tree densities (Table 2).




3.2. Precipitation and Soil Moisture before Thinning (2018)


Precipitation from June to October in 2018 was 470 mm, which represented 82% of the annual rainfall. Fifty-one rainfall events were recorded from June to October (Figure 4) with a mean of 8.9 mm (s.d. = 10.9 mm) and a mean of 6.9 h (s.d. = 5.4 h) of duration. Most of the rainfall events were small with low intensity. Seventy-five percent of the events were lower than 10 mm and the mean 30-min rainfall intensity was only 8.9 mm h−1 (s.d. = 10.1 mm h−1). The API was estimated to be between 1.4 and 79 mm, with a mean of 26.9 mm and a median of 21.4 mm.



Rainfall events started in June, but these small events did not cause any significant change in soil moisture (Figure 4). After 10 July, some rainfall events were larger, but only rainfall events greater than 20 mm produced significant changes in soil moisture. Higher changes in soil moisture were noted when precipitation depth was above 30 mm. These rainfall events increased soil moisture to more than 30%, but the increase was followed by a drastic decrease immediately after each rainfall event. From 51 rainfall events, 12 caused the most significant increase in soil moisture, with similar results between micro-catchments, reaching maximum values between 29% and 52%. During the 153 days of the rainy season in 2018, the soil moisture was found to be higher than 30% in only 12 of those days. Considering the records of each 30 min, the soil moisture during the entire rainy season in micro-catchments 1 and 2 was similar, with a mean of 9.3% and 9.2%, respectively. Mean soil moisture in micro-catchment 3 was lower, at 7.2%. The relatively small difference found in micro-catchment 3 was more evident during large rainfall events (>30 mm), while soil moisture during small rainfall events (<10 mm) was similar among the three catchments (Table 3).



A detailed analysis of individual rainfall events showed that it was necessary to have at least 10-mm of rain during the first 30 min, to reach values of approximately 50% in soil moisture (Figure 5a,b). Surprisingly, after the peak in soil moisture, there was a rapid decrease, and this decrease was almost at the same time as the decrease in rainfall (Figure 5a,b). Our results also indicated soil moisture reached similar values as before the rainfall in only 24 h after the event. This pattern was similar for all rainfall events in the three micro-catchments. The only difference found in this pattern was when comparing the response of soil moisture under canopy versus inter canopy (Figure 6). Soil moisture under canopy remained higher for a longer time compared to the uncovered areas.




3.3. Precipitation and Soil Moisture after Thinning (2019)


Precipitation from June to October 2019 was 530 mm, which represented 83% of the annual rainfall and 60 mm more than 2018 (Figure 7). There were 49 rainfall events in 2019, two events less than in 2018 (Figure 8), with a mean of 10.5 mm (s.d. = 9 mm) and a mean 6.2 h (s.d. = 6.1 h) of duration. Fifty-five percent of the events were lower than 10 mm and only three events were higher than 30 mm (31, 36, and 38 mm). The large rainfall events represented 20% of the total rainfall. Most of the events were of low intensity with a mean of 11.6 mm h−1 (s.d. = 10.6 mm h−1) and only six events were greater than 25 mm h−1. The API was estimated to be between 8 and 96 mm during the measurement period, with a mean of 37.4 mm and a median of 36.1 mm. The mean was 10.5 mm higher than in 2018, and was consistent with the increase in rainfall compared to 2018.



Rainfall events in 2019 started on 10 June, but similar to 2018, small rainfall events did not cause any significant change in soil moisture. Soil moisture remained relatively constant between 10 June and 3 July, with a mean of 1.1% (s.d. = 0.8%). Rainfall began to increase on 4 July, and similar to 2018, soil moisture in 2019 increased up to 45% when rainfall was above 20 mm. However, in contrast to 2018, soil moisture also exceeded 45% during consecutive events not necessarily greater than 20 mm (Figure 8). Soil moisture records for each 30 min in micro-catchment 1 (0% thinning) showed the same trend as in 2018, with the same mean of 9.3% during the entire period of 2019. Conversely, the soil moisture in micro-catchments 2 and 3 was higher with a mean of 14.1% and 10.1%, respectively. These values represented an increase in soil moisture of 53% for micro-catchments 2 (80% thinning) and 40% for micro-catchment 3 (40% thinning).



The difference in soil moisture after thinning was mainly produced by small rainfall events. Data on the individual rainfall events showed that during small rainfall events (<10 mm), the increase in soil moisture in micro-catchments 2 and 3 was higher, compared to micro-catchment 1 (Table 4). However, the increase in soil moisture during large events (>30 mm) was in the same magnitude for the three micro-catchments. Overall, the maximum and average soil moisture values were higher in micro-catchment 2, followed by micro-catchment 3, and finally, micro-catchment 1. The difference in response to soil moisture as an effect of tree density, mainly between the micro-catchments 1 and 2, is shown in Figure 8.



A detailed analysis of individual rainfall events showed soil moisture in micro-catchments 2 and 3 reached values of 45% with only 5-mm rain accumulated during the first 30 min. This value is much lower compared to the 10 mm of rain accumulation in 2018. Additionally, soil moisture remained longer in micro-catchment 2, compared to the micro-catchments 1 and 3, and this difference was noticed during several days (Figure 9a), as well as during large rainfall events (Figure 9b). The response to the change in soil moisture was also faster in micro-catchment 2 than in micro-catchment 1 and 3, particularly during small events (Figure 9c,d).



Similar to 2018 (before thinning), in 2019 soil moisture in micro-catchment 1 was higher under canopy, compared to the areas inter canopy. In contrast, micro-catchments 2 and 3 showed more soil moisture inter canopy than under canopy, and this was particularly notable in micro-catchment 2 (Figure 10). This pattern was consistent for the entire rainy season (Figure 11).




3.4. Statistical Analysis of Soil Moisture before and after Thinning


Statistical analysis showed the difference in mean daily soil moisture between micro-catchment 1 and 2 before thinning (2018) was not significant (p = 0.18), but the difference between micro-catchment 1 and 3 was significant (p ≤ 0.0001), as micro-catchment 3 had lower values compared to catchments 1 and 2 (Table 5).



There were no significant differences (paired t-test) between before thinning (2018) and after thinning (2019) for micro-catchment 1 (0% thinning), in either under or inter canopy (Table 5). In contrast, micro-catchment 2 (80% thinning) had significant differences in before-after results in both canopy scenarios. The same was found in micro-catchment 3 (40% thinning), except for the maximum values inter canopy in catchment 3 (Table 5). The BACI analysis provides evidence of the thinning impact on mean daily soil moisture when comparing micro-catchments 1 vs. 2 (p ≤ 0.0001). Conversely, there was no evidence of impact when using the daily maximum values (p = 0.15). These findings were consistent when comparing micro-catchments 1 vs. 3, as the impact was significant using the mean daily soil moisture (p = 0.04); however, there was no evidence of impact using the maximum values (p = 0.29). Overall, the results were consistent; the impact of thinning on soil moisture was more perceptible during small rainfall events than during large events.





4. Discussion


4.1. Soil Moisture before Thinning


Data from the micro-catchments indicated moisture behaved similarly at different points given the relatively small size of the micro-catchments and similar characteristics in the soil depth, ground cover, and tree density. Even with these similarities, it is not surprising to find some differences, such as the low values recorded in micro-catchment 3. Several elements affect the dynamic of soil moisture and therefore, it is common to find variations in moisture values, even in sites with the same vegetation characteristics [10,33]. According to other studies, the influence of vegetation on soil moisture dynamics include interception and stem flow [34,35], soil surface temperature due to plant shading [36], availability of soil moisture due to the extraction of water from the plant root system [37], and contributions of plants to evapotranspiration [38,39].



Two other important issues are the low rate of soil moisture throughout the rainy season and the drastic decrease after each rainfall event. Concerning the low moisture values, we consider canopy interception played a significant role, especially during small rainfall events (<10 mm), which corresponded to 75% of the rainfall events. According to Návar [40], semi-dry ecosystems present a higher percentage of losses due to interception than other types of ecosystems. Similarly, other studies in dry ecosystems have reported that approximately 35% of total precipitation is lost by interception [41,42]. High interception leads to low moisture values, as reported by Zhu et al. [11] in a similar study from a Picea crassifolia Kom. plantation, which found a moisture average of only 19% at a soil depth of 20 cm. Similarly, Heisler-White et al. [20] and Muñoz-Villers et al. [43] also found high interception percentages are related to small rainfall events and low rainfall intensities. It should not be a surprise that small rainfall events in our study area had no impact on the increase in soil moisture before thinning, resulting in low values throughout the rainy season.



Concerning the drastic decrease in soil moisture after each rainfall event (soil moisture dropped between 90% and 100% in only 24 h), other studies found evapotranspiration is usually greater than 90% of precipitation in dry ecosystems, especially when precipitation is less than 500 mm [44,45]. For instance, evapotranspiration values near 90% have been found in semi-dry areas covered by Pinus halepensis Mill., and Quercus ilex ssp. ballota Samp [15], whose tree density and basal area were 50% of that found in our study area. On the other hand, evapotranspiration rates have been reported to be less than 75% in temperate coniferous forests [46]. Our drastic decrease in moisture after each rainfall event suggests water not intercepted by the canopy that reaches the ground is almost immediately lost by evaporation from the ground. A weather station located close to our study area confirmed this assumption as the recorded mean maximum temperature during 2018 was 33 °C, while the mean temperature was 25 °C. The wind speed reached 55 km h−1 with an average of 17 km h−1 and the average relative humidity was 46%. The API also had low values during several days of the season, with a median of only 21.4 mm. These data reflect high evaporation from the ground [47] and a subsequent low possibility of maintaining the increased moisture over-time.



In this study, a considerable increase in soil moisture occurred only when the amount of rainfall exceeded 20 mm, or when at least 10-mm rain occurred during the first 30 min of the rainfall event. Additionally, only large rainfall events (>30 mm) increased soil moisture in similar proportions in the three micro-catchments (29–52%). Similarly, other studies of grasslands have reported a significant increase in soil moisture (more than 1%) up to 40 cm depth when rainfall events were greater than 15 mm, and greater than 20 mm in prairies with a semi-dry climate [10]. Likewise, Zhu et al. [11] found the depth of soil moisture tended to increase with an increase in the amount and intensity of rainfall. This finding indicated that when two large and high-intensity rainfall events occurred, within a short timeframe between them, soil moisture showed a double “peak” at 40 cm depth in micro-catchments similar to those in our study area. Findings from our study indicate large rainfall events are needed for soil moisture to increase to a depth of 20 cm in these semi-dry ecosystems. Small rainfall events are more frequent, but they do not have a significant impact on the increase in soil moisture. Our results from before thinning suggest soil saturation and the probability of runoff generation by infiltration excess overland flow in these ecosystems are low, as only 10% of the rainfall events were greater than 20 mm.




4.2. Soil Moisture after Thinning


The BACI analysis indicated there was evidence of the thinning impact when using the mean daily soil moisture, whereas there was no evidence of impact when using the daily maximum values. This is consistent with the fact that small rainfall events (<10 mm) significantly increased the maximum and average soil moisture after thinning, especially for high thinning intensity. Conversely, the thinning intensity did not affect soil moisture during large rainfall events (>30 mm). Relative to the effect of thinning, previous studies have revealed stands with low densities have higher soil water contents due to the reduction of interception and transpiration rates [12,48,49]. Fedorová [50], found an increase in the soil moisture between 26% and 43% after applying a thinning of 50% in a forest of Quercus petraea (Matt.) Liebl. Likewise, Zou et al. [12] found the increase in soil moisture in a semi-arid ecosystem was higher after thinning, even in deeper layers because trees consume excessive amounts of water stored mainly in the subsurface-layers of soil. Similar to Zou et al. (2008), Zhu et al. [11] found thinning increased soil moisture at a depth of 40 cm, even when the residual density was higher as compared to our study.



Regarding the soil moisture response to the rainfall size, our data indicate that only 5 mm during the first 30 min of a rainfall event was enough to reach values of 45% of soil moisture after thinning. This amount corresponds to 50% of the amount needed before thinning. This could be explained by the interception of the canopy, as thinning reduces interception allowing the water to reach the soil immediately [48]. Nonetheless, interception could be negligible during large rainfall events, and this explains the similar response among micro-catchments during events higher than 30 mm. Studies in other ecosystems have found interception was between 30% and 74% when precipitation and rainfall intensity was below 20 mm and 15 mm h−1, respectively; but the interception decreased to between 10% and 20% for storms above those thresholds [42].



Our data indicated that the soil moisture inter canopy remained high for longer periods compared to similar events before thinning. This indicates moisture can stay retained longer, despite the increase in radiation and evaporation created by thinning [51]. This increase in moisture, however, is finally lost after some days, given the time without rain after each event, as indicated by the API. In this regard, other studies have indicated moisture permanence after small rainfall events, is affected more by the soil moisture antecedent, than the amount of precipitation or thinning intensity. Some studies have observed temporal patterns regarding the response of moisture in small rainfall events. Cantón et al. [52], reported small events (<3 mm) may or may not affect soil moisture, depending on the background moisture values in a semi-arid region of southeastern Spain. Similarly, Lozano-Parra et al. [51] found that in ecosystems with higher moisture content, even small rainfall events (<3 mm), produced a hydrological response of the soil moisture in both forests and grasslands, whereas in drier conditions, rainfall hardly reaches deeper soils. Overall, these studies argue that the incidence of small rainfall events on soil moisture depends on antecedent moisture. Thus, the increase in soil moisture after thinning in our study area, and consequently, the potential for surface runoff, depends not only on thinning intensity, but also on antecedent moisture.




4.3. Management Implications


It is important to note that the measurements of this study are restricted to a few points for each micro-catchment. Notwithstanding limitations, this study presents interesting findings of soil moisture dynamics in a semi-dry forest of northern Mexico, where previous studies on this topic are limited. This study shows thinning increases soil moisture, especially during small rainfall events and when thinning intensity is high. However, some considerations are worthy of discussion relative to forest management in the long term. Previous studies have indicated high thinning intensities not only affect soil moisture, but also other conditions, such as evaporation, infiltration, and changes in the understory. Consequently, the potential evapotranspiration in our high-thinned catchment could be high in the long term, given discontinuous rainfall events and increasingly frequent years of drought. Other studies have also indicated low canopy cover and high rainfall intensities could increase soil bulk density, and reduce water infiltration [53,54,55]. Qualitative observations after the rainy season in our high thinned area also showed a rapid growth of the understory, including grasses, herbs, and oak regrowth. These changes in ground cover not only increase interception, but also the water demand from the soil profile. Given these considerations, forestry practices including clear cuts or high thinning intensities to increase water recharge should be taken with caution.



Forest management in Mexico rarely involves high intensity thinning in semi-dry ecosystems due to the low rate of growth. Nonetheless, there are many high-density areas lacking management; intermediate intensities might be an option for such areas. Some studies have reported moderate intensity thinning of 20–40% facilitates the recharge of deep soil water [11]. This is especially important for our study area, where the soil is shallow with a high infiltration capacity, which increases the probability of groundwater recharge. Water conservation in semi-dry forests should be an essential component of forest management and a requirement for achieving sustainable productivity [56]. In this regard, it is important to consider the effects of thinning and clear-cutting at broader spatial and temporal scales in future research studies.





5. Conclusions


This study examined soil moisture based on storm observations of three micro-catchments, before and after two thinning intensities (40% and 80%), plus the control. Soil moisture before thinning was low most of the rainy season due to the high evapotranspiration rates and high interception, especially during small rainfall events. The precipitation threshold that led to a drastic increase in soil moisture before thinning was the accumulation of 10-mm of rain in the first 30 min. Only large rainfall events (>30 mm) increased soil moisture in similar proportions in the three micro-catchments before thinning. Mean soil moisture per rainfall event did not exceed 12% when events were less than 10 mm, and significant increases were recorded only when the amount of rainfall was higher than 20 mm. However, only 10% of the events had precipitation greater than 20 mm. After each rainfall event, soil moisture had a drastic decrease in only 24 h. This behavior was influenced by high evaporation rates from the ground and the low moisture antecedent.



Only small rainfall events (<10 mm) significantly increased the daily maximum and average soil moisture after thinning, especially for high thinning intensity. Conversely, the thinning intensity did not affect soil moisture during large rainfall events (>30 mm). The different response to the amount of rain is explained by interception; as thinning reduces interception, however, the amount of intercepted water tends to be negligible during large rainfall events. Thinning also impacted the rapid increase in soil moisture, since only 5 mm of rain over 30 min was enough to reach values above 45% VWC. Additionally, soil moisture remained high for a longer time period compared to similar events before thinning. Nonetheless, this increase was finally lost after some days, given the relatively long period without rain. Overall, our findings at the micro-catchment scale indicate the effect of thinning on soil moisture in these semi-dry ecosystems is relatively short and highly dependent on the amount of rain and antecedent moisture.
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Figure 1. Location of the three micro-catchments and monitoring equipment in the study area in Chihuahua, Mexico. 
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Figure 2. Aerial image from a drone showing the characteristics of micro-catchment 2 before thinning (left) and after 80% thinning (right). 
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Figure 3. Location of soil moisture sensors inter canopy, and under canopy in an oak-pine forest in Chihuahua, Mexico. 
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Figure 4. Mean soil moisture by rainfall event before thinning (2018) for micro-catchments 1 and 2. 
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Figure 5. Soil moisture response in micro-catchment 3 as a result of two precipitation events in 2018: (a) 26 September 2018 (59 mm); and (b) 4 October 2018 (37 mm). The x-axis represents the time of day. 
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Figure 6. Soil moisture behavior inter canopy and under canopy for one rainfall event (29 mm) on 10 July 2018, in micro-catchment 1. 
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Figure 7. Monthly precipitation during the 2018 and 2019 rainy seasons in a semi-dry forest of Chihuahua, Mexico. 
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Figure 8. Mean soil moisture by rainfall event after thinning (2019) for micro-catchments 1 and 2. 
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Figure 9. Soil moisture behavior after thinning of three micro-catchments with different magnitudes of rainfall events: (a) series of rainfall events in July 2019; (b) large rainfall event; (c,d) small rainfall events. 
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Figure 10. Soil moisture behavior inter canopy and under canopy for one rainfall event (37 mm) on 4 July 2019, in micro-catchment 2. 
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Figure 11. (a) Rainfall after thinning (2019); (b–d) Mean daily soil moisture inter canopy and under canopy during the entire study period for micro-catchment 1, 2, and 3, respectively. 
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Table 1. Variables evaluated in the study of soil moisture dynamics of three micro-catchments in a semi-dry forest in Chihuahua, Mexico.
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Factor

	
Variable

	
Unit






	
Precipitation

	
Rainfall depth

	
mm




	
Rainfall event duration

	
h




	
Maximum 30-min rainfall intensity

	
mm h−1




	
Antecedent precipitation index

	
mm




	
Soil moisture

	
Maximum VWC inter canopy *

	
% VWC




	
Average VWC inter canopy *




	
Maximum VWC under canopy *




	
Average VWC under canopy *








VWC: Volumetric Water Content. * For each rainfall event, day, month, and rainy season.
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Table 2. Vegetation and soil characteristics before and after thinning.
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Before Thinning (2018)




	

	
Micro-Catchment




	
Characteristic

	
1

	
2

	
3






	
Tree density (trees ha−1)

	
2311

	
2172

	
2147




	
Basal area (m2 ha−1)

	
22.4

	
21.9

	
26.9




	
Canopy cover (%)

	
110.5

	
89.7

	
106.4




	
Litter (%)

	
60.4

	
69.7

	
76.4




	
Herbaceous vegetation (%)

	
16.0

	
18.4

	
11.0




	
Bare soil (%)

	
23.6

	
11.9

	
12.6




	
Slope (%)

	
10.3

	
11.5

	
12.0




	
Surface roughness

	
0.947

	
0.945

	
0.954




	
Soil depth (m)

	
0.29

	
0.48

	
0.47




	
Soil bulk density (g cm−3)

	
1.03

	
1.10

	
1.27




	
After Thinning (2019)




	

	
Percentage of Standing Trees by Catchment




	
Characteristic

	
1 = 100%

	
2 = 20%

	
3 = 60%




	
Tree density (trees ha−1)

	
2311

	
434

	
1290




	
Basal area (m2 ha−1)

	
22.4

	
6.6

	
17.2




	
Canopy cover (%)

	
110.5

	
19.1

	
61.5
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Table 3. Precipitation metrics and volumetric water content for three large rainfall events (>30 mm) and three small rainfall events (<10 mm) before thinning (2018).
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Date

	
R

(mm)

	
D

(h)

	
I30

(mm h−1)

	
API

(mm)

	
VWC (%)




	
Catchment 1

	
Catchment 2

	
Catchment 3




	
Max

	
Avg

	
Max

	
Avg

	
Max

	
Avg






	
Large rainfall events




	
Sept 26

	
59.3

	
6.6

	
49.8

	
72.0

	
44.3

	
28.4

	
43.1

	
24.5

	
49.2

	
16.9




	
Oct 4

	
36.8

	
5.1

	
29.0

	
73.8

	
43.1

	
23.1

	
41.4

	
20.4

	
44.9

	
10.2




	
Oct 23

	
34.2

	
7.3

	
26.9

	
45.5

	
43.1

	
25.3

	
-

	
-

	
41.4

	
10.0




	
Small rainfall events




	
Jun 29

	
4.8

	
2.5

	
4.8

	
18.7

	
2.1

	
1.7

	
2.4

	
2.2

	
2.8

	
2.5




	
Aug 4

	
10.5

	
9.2

	
9.8

	
26.2

	
27.5

	
6.6

	
13.6

	
5.0

	
24.9

	
7.2




	
Aug 9

	
6.7

	
10.4

	
2.1

	
34.8

	
7.9

	
5.8

	
11.9

	
8.5

	
6.9

	
7.1








R: Rainfall depth; D: Rainfall event duration; I30: Maximum 30-min rainfall intensity; API: Antecedent precipitation index; Max and Avg VWC: Maximum and Average Volumetric Water Content; (-) no data.
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Table 4. Precipitation metrics and volumetric water content for three large rainfall events (>30 mm) and three small rainfall events (<10 mm) after thinning (2019).
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Date

	
R

(mm)

	
D

(h)

	
I30

(mm h−1)

	
API

(mm)

	
VWC (%)




	
Catchment 1

	
Catchment 2

	
Catchment 3




	
Max

	
Avg

	
Max

	
Avg

	
Max

	
Avg






	
Large rainfall events




	
Jul 4

	
36.6

	
10.9

	
40.9

	
49.5

	
45.5

	
27.6

	
36.6

	
27.0

	
50.6

	
15.8




	
Aug 20

	
38.7

	
8.8

	
37.2

	
67.5

	
47.9

	
22.3

	
37.8

	
26.2

	
49.2

	
11.1




	
Sept 30

	
31.5

	
15.7

	
11.7

	
48.5

	
38.4

	
23.2

	
35.5

	
28.3

	
27.5

	
14.1




	
Small rainfall events




	
Jul 18

	
10.5

	
1.6

	
17.8

	
35.3

	
29.7

	
13.9

	
37.2

	
28.4

	
48.5

	
18.1




	
Aug 28

	
6.5

	
0.6

	
12.5

	
59.9

	
8.6

	
7.9

	
24.4

	
24.0

	
20.5

	
15.4




	
Sept 07

	
7.4

	
3.4

	
5.9

	
41.4

	
13.6

	
8.7

	
23.1

	
18.8

	
18.3

	
9.2








R: Rainfall depth; D: Rainfall event duration; I30: Maximum 30-min rainfall intensity; API: Antecedent precipitation index; Max and Avg VWC: Maximum and Average Volumetric Water Content.
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Table 5. Soil moisture differences (daily average and maximum values) between before thinning (2018) and after thinning (2019) for inter canopy and under canopy scenarios in the three micro-catchments.
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Micro-Catchment 1

	
Micro-Catchment 2

	
Micro-Catchment 3




	
Daily VWC (%)

	
Daily VWC (%)

	
Daily VWC (%)




	
Average

	
Max

	
Average

	
Max

	
Average

	
Max






	
Inter canopy

	

	

	

	

	

	




	
2018

	
8.6

	
12.5

	
9.7

	
15.9

	
4.6

	
7.9




	
2019

	
9.6

	
14.7

	
15.0

	
19.4

	
5.4

	
10.1




	
df

	
137

	
137

	
112

	
112

	
137

	
137




	
t-Value

	
−1.9

	
−1.7

	
−8.8

	
−2.8

	
−2.5

	
−1.8




	
p-Value

	
0.1

	
0.1

	
<0.0001

	
0.0069

	
0.01

	
0.07




	
Under canopy

	

	

	

	

	

	




	
2018

	
10.4

	
15.3

	
6.2

	
8.4

	
2.9

	
5.4




	
2019

	
10.1

	
15.7

	
8.6

	
11.4

	
4.7

	
7.8




	
df

	
137

	
137

	
112

	
112

	
137

	
137




	
t-Value

	
0.4

	
−0.3

	
−4.6

	
−3.2

	
−9.0

	
−2.5




	
p-Value

	
0.7

	
0.8

	
<0.0001

	
0.0019

	
<0.0001

	
0.01








A significant p-Value at a 95% confidence level is indicated in italics. VWC: volumetric water content; Max: maximum; df: degrees of freedom.
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