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Abstract

:

Concerns over freshwater scarcity for agriculture, ecosystems, and human consumption are driving the construction of infiltration trenches in many mountain protected areas. This study examines the effectiveness of infiltration trenches in a subalpine forested catchment in central Mexico, where public and private organizations have been constructing trenches for ~60 years. We rely on empirical data to develop rainfall-runoff models for two scenarios: a baseline (no trenches) and a trenched scenario. Field measurements of infiltration capacities in forested and trenched soils (n = 56) and two years of meteorological data are integrated into a semi-distributed runoff model of 28 trenched sub-catchments. Sensitivity analysis and hydrographs are used to evaluate differences in total runoff and infiltration between the two scenarios. Multiple logistic regression is used to evaluate the effects of environmental and management variables on the likelihood of runoff response and trench overtopping. The findings show that soil infiltration capacity and rainfall intensity are primary drivers of runoff and trench overtopping. However, trenches provided only a 1.2% increase in total infiltration over the two-year period. This marginal benefit is discussed in relation to the potential adverse environmental impacts of trench construction. Overall, our study finds that as a means of runoff harvesting in these forested catchments, trenches provide negligible infiltration benefits. As a result, this study cautions against further construction of infiltration trenches in forested catchments without careful ex ante assessment of rainfall-runoff relationships. The results of this study have important implications for forest water management in Mexico and elsewhere, where similar earthworks are employed to enhance runoff harvesting and surface water infiltration.
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1. Introduction


A wide variety of approaches to water resource management have been implemented in mountain protected areas [1]. Presently, these approaches are largely driven by concern over growing freshwater demand and the impacts of hydroclimatic change on water resource supply [2]. Mountain protected areas are considered as ‘water towers’ or essential landscape elements that facilitate the capture and temporary storage of water for agriculture, ecosystems, and human consumption [3]. New forest management strategies in mountainous areas focus less on comprehensive ecosystem function and more on the provision of water services [4]. This shift reflects a growing need to balance forest resilience and integrity with the increasing global demand for water resources [5].



Traditionally, forest water management has focused on altering groundcover through afforestation, species management, and ecosystem restoration or repair [6,7,8]. Increased groundcover is generally associated with enhanced water retention and quality, infiltration, and groundwater recharge, though the direction and strength of the effects depend critically on relationships between soils, vegetation type, and climatic factors [9,10]. Such nature-based solutions have proven highly effective at mitigating the impacts of runoff in forests [11] and on agricultural lands [12]. The use of ‘natural’ vegetation, whether as hedgerows [13], grass strips [14], other herbaceous cover [15], and trees generally provide more sustainable and cost-effective strategies for surface water management [16,17].



While insights from research into vegetation- and nature-based solutions continue to propel advances in forest water management [18], a more direct form of management has gained popularity in highland forests of Latin America—the construction of earthen infiltration trenches [19]. Infiltration trench construction in subalpine forests represents a significant shift from nature-based or restorative approaches to water management to a more direct, engineered approach.



Infiltration trenches belong to a class of engineered landforms that have roots in the technologies of intensive agriculture. In their simplest form, infiltration trenches resemble cross-slope earthworks that are excavated along hillslope contours. Trenches are designed to capture overland flow and allow it to slowly infiltrate into the subsoil—instead of allowing it to continue downslope as stormflow. For millennia, farmers have used trenches to protect crops from overland flow, reduce soil erosion, and enhance root-zone soil moisture in arid and semi-arid environments [20]. Research has long shown the practice can be effective if the spatial distribution, design, and management of trenches is carefully tailored to environmental conditions and management goals [21].



The integration of infiltration trenching practices into modern conservation contexts is relatively new. In Mexico, trenching programs in subalpine forests began during the mid-twentieth century and expanded over several decades [22,23], resulting in public and private investments of billions of pesos (hundreds of millions of USD) in mountain protected areas [24]. The core justification for trenching rests on the assumption that trenches enhance the efficiency of a given landscape in converting precipitation into exploitable water resources. This is achieved through the capture of overland flow and enhancement of infiltration and groundwater recharge, which ultimately helps mitigate freshwater scarcity due to climatic change, environmental degradation, and overconsumption [4,24]. However, estimates of the effects of trenches on infiltration tend to be based on proxy measures of their water storage capacity (i.e., the presumed amount of water capture is typically set to equal the volumetric water storage capacity of the trenches), rather than on a process-based assessment of their effectiveness [25,26]. Critically needed are scientific assessments of trench effectiveness that include spatially distributed empirical modeling of soils surface hydrology, precipitation, infiltration, and runoff response relationships.



The global distribution of infiltration trenching is poorly understood. In Latin America, trenching programs have been reported in highland protected areas of Peru, Chile, Bolivia, Ecuador, and Mexico [19,27], though scientific studies of these efforts are limited. The primary exception is Somers et al. (2018), who devised an empirical model to examine the infiltration benefits of trenches in alpine grasslands in the Peruvian Andes. The study found that trenches in this environment enhanced surface water infiltration over a baseline (no trenches) scenario, by only 3.7% [28]. It is unclear whether findings in the Peruvian Andes apply to subalpine forest catchments, where rainfall intensities, environmental characteristics, and overland flow dynamics are quite different. In Mexico alone, government-led trenching programs in natural protected areas represent one of the largest deliberate efforts at landscape engineering in recent history [23,26,29].



To address this knowledge gap, this paper assesses the effectiveness of infiltration trenches in subalpine forests of Mexico’s Matlalcuéyatl (La Malinche) Natural Protected Area and National Park (MNPAP). Here, a distributed infiltration and runoff model is developed from primary field data and experiments in 28 trenched sites over a two-year period (2018–2019). The model compares two general scenarios: a baseline (no trenches) and a trenched scenario. The model uses two forms of analysis. First, a sensitivity analysis examines how infiltration and runoff are affected by variations in environmental factors such as rainfall and infiltration rates, and by trench design (i.e., spacing and size). Comparison of the results from each scenario provides general measures of trench effectiveness. Next, to provide greater resolution to the trenched scenario, multiple logistic regression models are used to examine the marginal effects of environmental and trench design factors on the probability of runoff generation and trench overtopping—two primary indicators of trench effectiveness. Understanding the effects of individual factors on runoff and overtopping is a crucial element in optimizing trench design and management. Finally, the cumulative amount of infiltration under both scenarios is compared using rainfall intensities registered in the area over a two-year period (2011–2013). The findings are discussed in the context of the potential infiltration benefits and adverse environmental impacts of trenching, and how results can inform future trenching practices.




2. Materials and Methods


2.1. Study Area


This study was conducted in a subalpine forested catchment (5.3 km2) of the MNPAP. The MNPAP is representative of mountain protected areas in the central trans-Mexican volcanic belt region, which includes most forest and alpine grasslands above ~2800 m above sea level (masl) [30]. Throughout the late 20th and early 21st centuries, the MNPAP has been the target of extensive infiltration trenching programs [22,29,31]. The MNPAP is comprised of 46,112 ha of subalpine forests and grasslands that range in elevation from 2400 masl to the summit of the Malinche volcano (4461 masl) [32]. The territory of the MNPAP forms a radial pattern around the slopes of the volcano, a semi-active stratovolcano and Mexico’s 6th highest peak, and a prominent feature on the country’s eastern trans-volcanic belt [33].



The MNPAP represents a critical source area for surface and groundwater for the metropolitan Puebla-Tlaxcala region, home to approximately 3 million inhabitants. The MNPAP forms part of the upper Atoyac-Zahuapan River Drainage Basin, which belongs to the larger Balsas hydrological region in central Mexico [34]. The river provides freshwater for urban, industrial, and agricultural use in communities extending from highland Mexico to the Pacific Coast [32].



The lower regions of the MNPAP (~2400–3000 masl) are characterized by conifer forest fragments (P. hartwegii, P. montezumae, P. patula), some oak remnants (Quercus rugosa) and forest grasslands (Festuca tolucensis) that result from intermittent agriculture, livestock grazing, logging, and fires [35,36]. Above 3000 masl, pine forests thicken and dense grasses persist through the understory and into the lower alpine regions (~3900–4400 masl) [23]. The climate of the MNPAP is predominantly temperate subhumid, with an annual mean temperature of 15.3 °C and a summer rainy season from May to November. Annual precipitation ranges from ~400 to 1200 mm y−1 (mean = 827 mm y−1) [34,36,37]. Most soils are of recent volcanic origin (regosols, fluvisols, cambisols) and exhibit high permeability in forested areas [38].



Infiltration trenching in the MNPAP began in the mid-twentieth century through the work of the Malinche Commission, a joint federal and state program focused on soil and water conservation [22]. In 1996, trench construction and management became the responsibilities of the state governments of Tlaxcala and Puebla, which now manage 70% and 30% of the MNPAP territory, respectively [39]. Trench construction expanded rapidly during the late 20th century and now covers the greater part of the MNPAP forest floor and portions of the alpine grasslands [29], though precise estimates of the total surface coverage are unavailable, as are any firm estimates of the benefits of the trenches [40].




2.2. Data Collection


In this study, we examined a representative sample of trenches and forest catchments in the MNPAP at elevations ranging from 3000–4000 masl. Field characterization and experiments in the study area were conducted during July of 2018 and 2019.



Soils were sampled at 28 sites along six transects (Figure 1B). At each site the saturated hydraulic conductivity (Ksat) and sorptivity (S) (capillary suction) of soils were measured with a Guelph permeameter [41]. Under field capacity conditions, 30-cm deep boreholes were made with an auger in each trench and adjacent forest soil. Soil samples from the first (0–15 cm) and second (15–30 cm) halves of the borehole fills were taken for laboratory analysis.



Permeameter measurements followed the ‘two-head’ procedure for improved accuracy [42]. The first steady-state hydraulic head was established using a 5 cm water column and the second was established with a 10 cm column. These depths were chosen so steady state could be reached in under 30 min [43]. Hourly meteorological data (precipitation intensity, air temperature, barometric pressure, wind speed, relative humidity) were obtained from March 2011 to March 2013 from a tandem weather station and rain gauge (Hobo U30 with PAR sensor and Hobo RG30-M, Onset Computer Corporation) positioned 3.8 km and 300 m elevation below the midpoint of where soil sampling and testing took place. A temperature correction of −3 °C was used to represent the study area following the dry adiabatic lapse rate [44]. Field measurements are shown in Table 1.




2.3. Models


A one-dimensional infiltration-runoff model was developed and applied to each of the 28 sites, incorporating the forest catchment and trench dimensions of each transect described in Table 1. The model was applied for each scenario (baseline and trenched) following Somers et al. (2018) [28]. The model is based on a water balance concept with two main components: a forest infiltration component and a trench infiltration component (omitted in baseline scenario). The forest component followed the form:


     I f  = P +  R  o n   − I  S f  −  R  o f f    



(1)




where If is infiltration through the forest floor, P is precipitation, Ron is infiltration excess overland flow (i.e., Horton overland flow; hereafter, runoff/on) from site above, ISf is interception loss, and Roff is runoff. All variables are represented as water depth (mm) per unit area of the forest catchment. In the baseline scenario, any runoff leaving the catchment is incorporated as run-on into the catchment immediately downslope. Roff is considered as a loss to the forest catchment where it is generated (i.e., rainfall that was not intercepted by vegetation or infiltrated by forest soils) and a gain to the catchment immediately below. In the trenched scenario, Roff is harvested in the trench immediately downslope, where it may infiltrate, pond and evaporate, or overtop the trench. Any overtopping is then incorporated as runon into the forest catchment immediately downslope. The trench component of the model followed the form:


   I t  = P +  R  o f f   − P D −  E t  − O T    



(2)




where It is infiltration in the bottom of the trench, P is precipitation, Roff is runoff from the forest catchment above, PD is the depth of ponded water in the trench (per unit trench area), Et is evaporation from the ponded water surface, and OT is trench overtopping. Potential evaporation from the ponded water was estimated using a Dalton equation for open water evaporation [45], and potential evaporation of precipitation intercepted by forest vegetation was estimated using a Penman–Monteith formula [46]. Interception storage capacity (fixed at 3 mm) was estimated from studies of similar forest canopies and grasslands in central Mexico [47,48] and from similar coniferous forests [49,50].



The baseline and trenched scenario models were run at one-hour time steps over the two-year period (2011–2013) for which meteorological data were available. This one-hour time step aligned with: (1) the one-hour meteorological data time step, and (2) the maximum times for Guelph permeameter tests to reach steady state (Tst) and the maximum runoff response times of concentration (Tc) for each simulated transect. For each transect catchment site, Tst + Tc < 1 hr. In other words, a one-hour time step was sufficient at each catchment site to reach soil saturation and to model runoff response travel time to the adjacent catchment below (baseline scenario) or to the downslope trench (trenched scenario). Overland flow velocities were estimated using Manning’s equation (forest cover with heavy brush/litter) and were used to calculate Tc for each catchment site (Appendix A Table A1). Because the mean length of catchments was greater than 100 ft (30.48 m) (Table 1), shallow concentrated flow velocity curves were used to estimate Tc, following USDA (2010, Eqs. 15.7–15.8) [51].




2.4. Comparing Baseline and Trenched Scenarios (Objective 2)


Two forms of analysis were used to compare baseline and trenched scenarios. First, a sensitivity analysis was performed to quantify the sensitivity of infiltration and runoff to changes in trench spacing and design and environmental factors. Second, multiple logistic regression was performed to examine the importance of these factors in controlling runoff generation and trench overtopping. Logistic regression quantified the marginal effects of trench design and environmental factors on the probabilities of runoff generation and trench overtopping occurring.



2.4.1. Sensitivity Analysis


First, one-at-a-time (OAT) sensitivity analysis was used [28,52]. In this analysis, a range of three plausible values for environmental and trench design parameters was selected and the models were run for each scenario using each of the three values. For each OAT parameter change, all other parameter values were held constant at their means. The infiltration and runoff sensitivity results for baseline and trenched scenarios were illustrated as percent of precipitation (%I = ΣI [ΣP]−1, %R = ΣR [ΣP]−1). The differences between the baseline and trenched scenarios were considered as measures of trench effectiveness (e.g., infiltration enhancement = %Itrenched − %Ibaseline).




2.4.2. Multiple Logistic Regression


Next, multiple logistic regression was used to better understand the effects of environmental and trench design factors on the likelihood of runoff and trench overtopping occurring, two key indicators of trench effectiveness. Logistic regression is a widely used approach to modeling relationships between one or more independent variables and one or more binary dependent variables [53]. Here, the above factors were used as independent variables to develop two separate logistic models, each predicting the combined parameter effects on the probability that runoff (Model 1) and overtopping (Model 2) occur. Each binary dependent variable was modeled as the target outcome of either R or OT occurring (Yes = 1, No = 0). Each model used the maximum likelihood estimation following:


  log      P  1 − P       =  b 0  +  b 1   X 1  +  b 2   X 2  + ⋯ +  b n   X n   



(3)




where P is the response probability that the target outcome (Y = 1) of R or OT occurred, X1 through Xn are the model parameters, and b0 though bn are the regression coefficients.



In logistic regression the coefficients show the change in the expected log odds per one-unit increase in Xi, while holding other variables constant at their means. To facilitate interpretation, the log odds were plotted as the marginal effects of incremental changes in each variable on the probability of Y = 1 (i.e., runoff or trench overtopping occurring), over the entire value range of each variable. These plots allowed the identification of the threshold values at which incremental changes in variables resulted in changes in the probability that R and OT occurred. Finally, the efficiency of each of the 28 trench sites was evaluated based on comparing the modeled cumulative amount of infiltration between scenarios derived from rainfall intensities registered from March 2011 to March 2013.






3. Results


3.1. Data Collection


The width of forest catchments (i.e., spacing between trenches; Figure 1) ranged from 20.1 (F5) to 72.6 m (C5) (Table 1). Forest catchment slope ranged from 0.01 to 0.14 m m−1. The mean Ksat value for forest catchments was higher than for the bottom of trenches (49.2 and 36.5 mm hr−1, respectively), though a two-sample T test found that the difference was not statistically significant (α < 0.05) (Figure 2). Forest Ksat values fell within the range of those found for conifer forests in Mexico (35 mm hr−1) [54] and elsewhere: 63 mm hr−1) [55], 77–81 mm hr−1 [56], and 28 mm hr−1 [57].



The sorptivity and time to steady state values for forest catchments and trenches also showed no statistically significant differences. Trench soils were generally coarser than forest soils, with higher shares of gravel and sand particles and lower shares of silt and clay (Figure 2). All time to steady state values (the mean of the one- and two-head procedures) were below 27 min and within the 30-min experimental period. All time to concentration values were below 6.6 min, meaning that runoff travel time in each catchment to the downslope catchment (baseline) or to the downslope trench took less than 6.6 min (Appendix A Table A1). Therefore, because Tst + Tc < 1 hr at each site, the one-hour time step was confirmed as being appropriate for modeling the baseline and trench scenarios.



Mean annual temperature was 14.8 °C during the two-year period (March 2011–March 2013), which was only slightly above the 20-year average of 14.4 °C derived from the CLImate COMputing database at the website (http://clicom-mex.cicese.mx/, accessed on 13 August 2021) [58]. Mean annual precipitation was 764.4 mm in Year 1 and 724.4 mm in Year 2 (Figure 3). Both years were above the 20-year mean of 650.1 mm y−1 [58]. Rainfall intensities ranged from 0.2 mm hr−1 to 40.2 mm hr−1 (mean = 1.8 mm hr−1). The mean potential evaporation from forest interception was 4.1 mm day−1. This rate is comparable to previous studies in coniferous forests, which range from 2.4 to 4.8 mm day−1, depending on environmental and climate factors [59]. Mean potential surface evaporation from ponded water in trenches was 2.7 mm day−1. This value was higher than Somers et al., 2018 (0.8 mm day−1) for the Peruvian Andes [28] and more in line with other studies of highland shallow water body evaporation [60].




3.2. Sensitivity Analysis


Two types of sensitivity analysis were performed. First, is the sensitivity of the amount of infiltration and runoff to the input variables in both baseline and trenched scenarios (results found in the ‘difference’ columns; Table 2). Second, the sensitivity of the difference in both net infiltration and runoff loss between the baseline and trenched scenarios to the input variables. These values are derived from the difference between the two range value results in each scenario.



For example, the sensitivity analysis shows that when all parameters are at their means (unperturbed), 55.9% of total precipitation will infiltrate in a baseline scenario and 57.1% in the trenched scenario. This 1.2% difference is smaller than the 3.7% difference (79.6% and 83.3%, respectively) found by Somers et al. (2018) [28]. However, when forest infiltration capacity was at the lower of the two range values (2.6 mm hr−1), the sensitivity of infiltration increased to a 3.1% difference. Overall, trenches provided greater infiltration when forest infiltration capacity is at the lower end of the range (also a 1.2% difference).



Over the range of parameter values, infiltration in the baseline scenario was most sensitive to forest width (Δ = 94.8 − 16.0 = 78.8%), forest infiltration capacity (25.5%), and interception storage (5.9%). Infiltration in the trenched scenario was most sensitive to the same parameters: forest width (78.6%), forest infiltration capacity (26.6%), and interception storage (5.9%).



The sensitivity of infiltration to the differences between baseline and trenched scenarios was much smaller. Infiltration differences were most sensitive to forest infiltration capacity (Δ = 3.1% − 1.2% = 1.9%), followed by trench width (0.9%) and trench infiltration capacity (0.5%). Between scenarios, infiltration was not sensitive to changes in forest interception storage capacity, depth of trenches, forest width, or evaporation of interception storage or ponded water.



In the baseline scenario, runoff was only sensitive to forest infiltration capacity (Δ = 29.6 − 0.0 = 29.6%). In the trenched scenario, runoff was sensitive to forest infiltration capacity (27.7%) and trench infiltration capacity (0.5%). Between scenarios, differences in runoff were sensitive to forest infiltration capacity (1.9%) and trench infiltration capacity (0.5%). In sum, the sensitivity of infiltration to parameter changes were generally aligned with those of Somers et al. (2018) [28], though the total sensitivity of infiltration between scenarios in the current case was smaller. Overall, total infiltration was most sensitive to the infiltration capacity of the forest floor and forest catchment width.




3.3. Logistic Regression Models


While sensitivity analysis provided estimates of the impacts of OAT parameter changes on total infiltration and runoff, only three values for each parameter were used. For the trenched scenario, multiple logistic regression allowed a closer look at the marginal effects of incremental changes in parameter values.



Two considerations that play critical roles in how trenches are designed and managed are the frequency of runoff generation and trench overtopping. In environments where the frequency and magnitude of runoff is high, conventional wisdom suggests constructing more or larger trenches (e.g., reducing forest catchment width or increasing trench storage volume). Understanding the determinants of runoff generation and trench overtopping is therefore key to the effective design, planning, and management of infiltration trenches.



For this analysis, key assumptions of multiple logistic regression were met. Independence of parameters was established with all variable inflation factors ≤1.5. Absence of collinearity was established based on the diagonal values in a covariance matrix (all between −0.2 and 1.3). Whole effects in both models were statistically significant (likelihood ratio chi-square test, α < 0.05) and produced pseudo Rsquare (McFadden) values of 0.9 and 0.9, respectively (Table 3). The results show that the infiltration capacities of forests and trenches, precipitation intensity, and widths of forest catchments were statistically significant determinants of forest runoff and trench overtopping.



Interpretation of coefficients in logistic regression is complicated by the log-likelihood transformation used in the analysis. Therefore, interpretation of parameter effects is usually made by examining log-odds ratios or marginal plots [53]. Here, marginal plots are used to examine the effects of incremental changes in parameters on the probabilities (Y = 1) of runoff or trench overtopping. Figure 4 shows that forest infiltration capacity had the largest effect. As forest infiltration capacity increased, the probabilities of runoff or trench overtopping dropped precipitously from ~70% when infiltration capacities are ~15 mm hr−1 to ~0% when capacities are >45 mm hr−1. Trench infiltration capacity also was negatively associated with runoff and trench overtopping, but the effects were smaller (more gradual slope). Precipitation intensity also had a strong effect on the probability of runoff and overtopping; though, when other parameters were at their means, even the most intense periods (30–40 mm hr−1) resulted in only a ~50% chance of runoff or overtopping. The spatial distribution and design of trenches (i.e., forest catchment width and width of trenches) and evaporation factors (both interception loss and ponding loss) had little effect on the probability of runoff or trench overtopping.



Only when probabilities of Y = 1 are >50%, were runoff and overtopping more likely than not to occur. When all variables were at their means, only forest infiltration capacities <~20 mm hr−1 were likely to generate runoff, while for trench overtopping, only forest infiltration capacities less than ~10 mm hr−1 were likely to generate overtopping. These associations are illustrated at the site level in Figure 5.




3.4. Cumulative Infiltration and Runoff


Stacked graphs of cumulative precipitation, runoff, and infiltration display the net differences between the baseline and trenched scenarios for each of the seven transects (Figure 5). The top row in each transect (A1–F1) illustrates the forest catchments furthest upslope. The second row (A2–F2) shows the catchment immediately downslope. The pattern continues throughout the transect until the terminal downslope site (4 or 5) is reached. For reference, forest infiltration capacity—the strongest determinant of runoff generation—is illustrated in the upper-left corners of the boxes for each site.



Runoff was predicted to occur only on forest catchments with relatively low infiltration capacities (~2.6–7.3 mm hr−1; sites A1, A3, and E1). These infiltration capacities correspond with the ~20 mm hr−1 value for runoff generation identified in Figure 4. However, as illustrated in Figure 5, any runoff generated at these three sites flowed into the catchments below (A2, A4, and E2) where infiltration capacities were much higher (51.5, 49.4, and 33.8 mm hr−1, respectively) and where all runoff (now run-on) infiltrated within the 1 hr time step (see Table 1 and Table A1).



Therefore, no runoff was predicted to have exited a transect or was ‘lost’ under baseline conditions. Regarding the infiltration of runoff, the wide variation in forest infiltration capacities meant that areas of relatively high infiltration capacity compensated for areas with low infiltration capacity. The same pattern was repeated in the trenched scenario, where all ponded water that overtopped the trenches (also sites A1, A3, and E1) was then infiltrated in the forested catchment immediately downslope (Appendix A, Figure A1).



The cumulative infiltration totals for the baseline and trenched scenarios are shown in Table 4. These totals reflect the modeled results from the 28 sites, which include the infiltration derived from run-on (i.e., from runoff and upslope trench overtopping). The percent increase in infiltration (1.2%) matches that derived from the sensitivity analysis.





4. Discussion


4.1. Effectiveness of Infiltration Trenches


During the two-year study period trenches only provided 1.2% greater infiltration (as proportion of total precipitation) than a baseline (no trenches) scenario. This increase in infiltration is about 68% less than the increase found in alpine grasslands (3.7%) in a similar study [28]. This relatively small 1.2% increase can be explained in the context of two observations.



First, to be effective, trenches must capture water that would otherwise leave the catchment as runoff, allowing it to slowly infiltrate in place. Therefore, hillslopes that do not generate runoff would receive no added benefit from trenching [28]. Indeed, the increased infiltration from trenches observed in alpine grasslands resulted from the capture of runoff only during times of high precipitation intensity. In the current study, precipitation intensities were relatively low compared with soil infiltration capacities, and runoff occurred in only three of the 28 sites. This corresponds with previous studies showing that infiltration excess overland flow in forested areas with low precipitation intensities tends to be infrequent and low magnitude [9], except in local patches, on roads, or in otherwise disturbed areas [61,62]. Catchment-level studies on the threshold precipitation required to generate runoff in forests generally shows infiltration excess overland flow occurs only once infiltration capacities have been reached [63]. Furthermore, in areas where forest runoff occurs locally, it is subjected to infiltration in adjacent soils [8]. The current study confirms this observation. All baseline scenario runoff infiltrated in the forest catchment immediately downslope, before leaving the transect. Therefore, as a means of runoff harvesting, trenches provided no additional benefit in the study area.



A second key observation made by Somers et al. (2018) is that trenches enhance infiltration due to the lack of rainfall interception [28]. Rainfall and run-off fall directly onto exposed trench soils instead of being intercepted by grasses (alpine case) or forest canopy and grasses (subalpine forest case). In other words, the precipitation lost to interception and subsequent evaporation in forested areas of the catchments was received directly as throughfall in trenched areas of the catchments. This difference was shown in the sensitivity analysis (Table 3, ′unperturbed′ row) where no runoff was generated, but where trenches provided 1.2% greater infiltration. Without interception in the trenches, small storms of less than 3 mm (forest interception storage capacity) reached trench soils and infiltrated directly (assuming no ponding). However, in forested areas this precipitation was held in storage (assuming open storage capacity) and subjected to evaporation loss. Forest interception storage was 66% greater than the mean hourly storm total (3 mm/1.8 mm). For an estimate of the additional rainfall available in trenches attributable to the lack of interception, this 1.7% can be multiplied by the % surface area of the catchment occupied by trenches (Wt * Wf −1 = 1.1%), which equals an available ~1.7% of total precipitation. After adjusting for pond evaporation (~0.5%), this result approximates the 1.2% infiltration benefit we believe is largely due to the lack of interception storage in trenches—even when no runoff is generated.




4.2. Environmental Concerns


The lack of groundcover in trenches introduces an added dimension of concern for the planning, construction, and management of infiltration trenches: the potential for environmental degradation. Trench construction involves the excavation of soils and carbon, potentially exposing plant roots to frost, bacteria, and rot and degrading local ground cover over time [31,64]. The excavated soil is usually piled downslope as unconsolidated fill, where it is susceptible to erosion. Once entrained, these soils often collect in the downslope trenches as alluvium [21,65]. Over time, the silting and clogging of soil pores in trenches can result in lost infiltration capacity and water storage capacity [66]. Unable to store as much runoff, trench overtopping becomes more likely. Overtopping, in turn, often results in concentrated flow around the trench edges, potentially causing localized erosion and damaging the structural integrity of trenches [21,65].



On a broader scale, the increased foot and vehicular traffic associated to trench construction and maintenance can lead to soil compaction and other disturbance effects on runoff generation. In the MNPA, unpaved roads have developed in part to facilitate access to trenches by workers tasked with cleaning trench litter and accumulated sediments. Unpaved roads in forests often lead to lower soil infiltration capacity, increased runoff, and enhanced surface connectivity between runoff source and depositional areas [67,68]. Additional research is needed to assess the potential for these and other environmental impacts (direct and indirect) to result from trenching in the MNPA. Ultimately, careful tradeoff analysis is required to weigh the potential environmental costs of trenching against, in the current case, a 1.2% increase in total infiltration. The results from such analyses should then be weighed against the benefits of nature-based or vegetative approaches to runoff mitigation and management [11,12,13,14,15,16,17].




4.3. Generalizability, Assumptions, and Limitations


This study suggests that infiltration trenching in mountain protected areas first requires careful assessment of environmental factors and precipitation-runoff relationships to ensure trenches are necessary. In Mexico, precise estimates of the extent of trenching in forested areas are unavailable, though several studies have examined the effects of other cross-slope earthworks on soil conservation in individual forests [64] and broader regions [69,70]. In general, these studies highlight the limitations of mechanical soil conservation measures and the need for careful assessment of environmental factors before designing and implementing them. In the context of forest water management in Mexico, this study provides additional justification for such assessments.



The findings from this study also highlight the key role that the spatial variability of soil infiltration capacity plays in driving rainfall-runoff responses in forested catchments. This variability is a fundamental characteristic of forest environments, though it is seldom incorporated adequately into runoff models, which often rely instead on statistical approximations [71]. In this study, illustrating the impacts of this variability on runoff generation was key to evaluating the effectiveness of trenches as runoff harvesting structures. Because variable infiltration capacity is a fundamental characteristic of most forest environments, the central findings of this study are relevant to any forest hillslope environment where trenching is being considered as a means of enhancing infiltration.



This study has several limitations. Though we measured soil infiltration capacity in 56 soils (28 forest, 28 trench) and assigned each to the runoff calculations of individual forest catchments, better understanding of the variability of soil infiltration capacity is needed to improve our estimates. In addition, better understanding of the spatial variability of other environmental factors is needed. Though notoriously difficult to measure, interception storage and loss is highly variable in forest catchments [47,72,73,74]. For modeling purposes, we assumed a uniform rate of forest canopy and grassland (3 mm) and trench (0 mm) interception storage based on previous studies in similar environments. However, this discounted the potential impacts of breaks in forest cover or the periodic accumulation of litter in trenches. Similarly, better understanding of the variable impacts of meteorological parameters would help improve model accuracy, though measuring the hydroclimatic heterogeneity of mountain weather remains a fundamental challenge to watershed science [75]. Finally, our models did not account for the potential impacts of unpaved roads on catchment hydrology. Unpaved roads play important roles in both runoff generation and in the interception of run-on from catchments above. The potential for trenches to provide benefits to runoff management around road drainage points requires additional study.





5. Conclusions


This study examined the effectiveness of infiltration trenches in a subalpine forested catchment in Mexico. Sensitivity analysis and multiple logistic regression were used to model two scenarios: a baseline (no trenches) scenario and a trenched scenario. Findings show that trenches provided a 1.2% increase in infiltration relative to precipitation over the two-year study period. This is ~68% less than the increase found in alpine grasslands, which comprises the only available comparison. Forest infiltration capacity was an important determinant of runoff generation, which occurred in only three of the 28 sub-catchments. However, in this study infiltration excess runoff generated on soils with relatively low infiltration capacities was infiltrated immediately downslope in forest catchments with higher infiltration capacities. Therefore, no water loss due to runoff occurred. As a result, infiltration trenches provided no additional benefit for runoff harvesting in the study area. The small infiltration benefit we found likely derived instead from the lack of vegetation interception associated with the groundcover disturbance of the trenches. In sum, this study cautions against the construction of infiltration trenches in forested environments with low precipitation intensities relative to infiltration capacities without first carefully assessing the precipitation–runoff response relationships at the sub-catchment level to determine if trenches are justified. Yet, even in these contexts, natural vegetation-based approaches are likely to be more effective, efficient, and sustainable than the large-scale excavation of earthen trenches.
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Table A1. Runoff velocity (V) and time of concentration (Tc) estimates for each transect and site. Because the mean width of forest catchments was over 100 ft (Table 1), Manning’s calculations were made using shallow concentrated flow estimates (USDA, 2010, 15–7) [44]. Velocity and time of concentration for each site is shown using roughness coefficients for forests with heavy ground litter as outlined by USDA (2010, Figure 15–4, Equations 15–1) [44].
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Figure A1. Stacked cumulative totals for each transect and site over the two-year study period for the trenched scenario. Forest infiltration capacity (mm hr−1) shown in upper-left corners of each box (site). Trench overtopping occurred at only three sites (A1, A3, and E1). However, all overtopping infiltrated in the site immediately downslope. No overtopping escaped any terminal (downslope) site due to sites with high forest infiltration capacity. 
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Figure 1. (A). Map of study are in northwestern quadrant of La Malinche Natural Protected Area showing the six transects and 28 sample sites. (B). Profile view of infiltration trenches and primary surface processes. (C). Photo of infiltration trench. 
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Figure 2. Outlier box plots of the time to reach steady state (Tst), saturated hydraulic conductivity (Ksat), sorptivity (S), and particle size distribution for forest and trench soils. 
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Figure 3. Other input parameters for the infiltration model (all sites). Precipitation (mm hr−1) and air temperature (°C). Potential evaporation from pond surface (mm hr−1) and from interception (mm hr−1). Trench ponding (mm) and overtopping (mm). 
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Figure 4. Marginal plots of entire range of parameter effects on response probability (p) that forest runoff and trench overtopping occur (for both, Yes = 1 and No = 0). Lines represent marginal effects of each parameter when others are held at means (see Table 3). 
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Figure 5. Stacked cumulative totals for each transect and site over the two-year study period for the baseline scenario (no trenches). Forest infiltration capacity (mm hr−1) is shown in upper-left corners of each box (site). Runoff occurred at only three sites (A1, A3, and E1), but then infiltrated immediately downslope as run-on. No runoff/on escaped any transect due to the high infiltration capacities of downslope sites. The trenched scenario shows a similar pattern, where overtopping occurs in the same three sites and then infiltrates further downslope (Appendix A, Figure A1). 
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Table 1. Measures of site dimensions and forest and trench soils in the 28 study sites. Within each transect, the first site (1) is furthest upslope and the last site (4 or 5) is furthest downslope.
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Forest Catchments

	
Trenches




	

	

	
Dimensions

	
Permeameter Results

	
Dimensions

	
Permeameter Results




	

	

	
Width

	
Slope

	
Ksat

	
Sorptivity

	
Width

	
Height

	
Ksat

	
Sorptivity




	
Transect

	
Site

	
(m)

	
(m m−1)

	
(mm hr−1)

	
(mm hr−1/2)

	
(m)

	
(m)

	
(mm hr−1)

	
(mm hr−1/2)






	
A

	
1

	
44.0

	
0.12

	
7.0

	
7.4

	
0.37

	
0.35

	
31.3

	
3.47




	

	
2

	
39.5

	
0.01

	
51.5

	
4.0

	
0.39

	
0.38

	
35.8

	
0.98




	

	
3

	
44.3

	
0.09

	
2.6

	
9.2

	
0.43

	
0.41

	
51.6

	
7.20




	

	
4

	
51.6

	
0.07

	
49.4

	
7.6

	
0.41

	
0.40

	
15.8

	
5.74




	
B

	
1

	
38.9

	
0.14

	
54.0

	
9.1

	
0.42

	
0.38

	
42.5

	
1.50




	

	
2

	
44.5

	
0.14

	
62.6

	
2.5

	
0.50

	
0.45

	
13.9

	
9.6




	

	
3

	
41.4

	
0.14

	
52.4

	
6.4

	
0.45

	
0.39

	
5.4

	
13.7




	

	
4

	
43.4

	
0.14

	
62.4

	
4.9

	
0.39

	
0.37

	
76.0

	
3.0




	

	
5

	
44.6

	
0.12

	
51.6

	
7.2

	
0.45

	
0.43

	
2.5

	
7.0




	
C

	
1

	
62.2

	
0.11

	
54.1

	
10.0

	
0.45

	
0.43

	
4.8

	
7.8




	

	
2

	
67.2

	
0.09

	
85.2

	
7.7

	
0.43

	
0.41

	
71.5

	
1.4




	

	
3

	
54.8

	
0.10

	
65.7

	
9.3

	
0.38

	
0.38

	
7.1

	
9.6




	

	
4

	
66.2

	
0.10

	
49.8

	
11.4

	
0.42

	
0.40

	
53.9

	
8.0




	

	
5

	
72.6

	
0.07

	
74.1

	
8.3

	
0.52

	
0.49

	
6.9

	
6.1




	
D

	
1

	
24.5

	
0.07

	
51.7

	
8.4

	
0.39

	
0.32

	
40.7

	
9.9




	

	
2

	
38.0

	
0.10

	
40.5

	
7.9

	
0.37

	
0.35

	
61.2

	
6.8




	

	
3

	
53.9

	
0.09

	
20.2

	
4.7

	
0.39

	
0.34

	
51.6

	
5.8




	

	
4

	
42.8

	
0.07

	
35.8

	
7.6

	
0.38

	
0.34

	
114.8

	
7.2




	
E

	
1

	
55.3

	
0.09

	
7.3

	
11.3

	
0.57

	
0.56

	
96.3

	
7.0




	

	
2

	
43.2

	
0.06

	
33.8

	
7.8

	
0.62

	
0.57

	
7.3

	
11.3




	

	
3

	
41.5

	
0.06

	
53.8

	
5.3

	
0.58

	
0.49

	
3.0

	
12.5




	

	
4

	
56.1

	
0.09

	
78.2

	
1.8

	
0.56

	
0.52

	
17.9

	
3.1




	

	
5

	
52.9

	
0.12

	
66.9

	
9.2

	
0.61

	
0.58

	
29.1

	
4.2




	
F

	
1

	
14.4

	
0.12

	
71.5

	
1.4

	
0.67

	
0.58

	
40.8

	
10.8




	

	
2

	
14.7

	
0.09

	
33.7

	
6.5

	
0.66

	
0.61

	
5.3

	
13.0




	

	
3

	
15.3

	
0.08

	
93.8

	
0.5

	
0.72

	
0.67

	
9.6

	
11.8




	

	
4

	
12.3

	
0.12

	
22.4

	
4.0

	
0.75

	
0.67

	
92.2

	
10.7




	

	
5

	
20.1

	
0.13

	
44.3

	
8.0

	
0.73

	
0.68

	
33.6

	
2.6




	

	

	

	
Mean

	
49.15

	
6.75

	

	
Mean

	
36.51

	
7.19




	

	

	

	
SD

	
23.01

	
2.87

	

	
SD

	
31.03

	
3.66
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Table 2. Sensitivity of infiltration (I) and runoff (R) to environmental variables for baseline (no trenches) and trenched scenarios. Outputs for the baseline scenario were derived using ′0′ values for trench-related parameters.
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Infiltration (% Total Precipitation)

	
Runoff (% Total Precipitation)




	
Sensitivity Variable (Mean)

	
Range

	
Baseline

	
Trenched

	
Difference

	
Baseline

	
Trenched

	
Difference






	
Unperturbed (all at means)

	

	
55.9

	
57.1

	
1.2

	
0.0

	
0.00

	
0.0




	
Infiltration capacity of forest

	
93.8

	
55.9

	
57.1

	
1.2

	
0.0

	
0.00

	
0.0




	
(49.15 mm hr−1)

	
2.6

	
27.4

	
30.5

	
3.1

	
29.6

	
27.7

	
−1.9




	
Infiltration capacity of trench

	
114.8

	
55.9

	
57.1

	
1.2

	
0.00

	
0.0

	
0.0




	
(36.43 mm hr−1)

	
2.5

	
55.9

	
56.6

	
0.7

	
0.00

	
0.5

	
0.5




	
Interception storage

	
3.5

	
53.3

	
54.5

	
1.2

	
0.00

	
0.0

	
0.0




	
(3 mm)

	
2.5

	
59.2

	
60.3

	
1.2

	
0.00

	
0.0

	
0.0




	
Trench width

	
0.75

	
55.9

	
57.7

	
1.8

	
0.00

	
0.0

	
0.0




	
(0.50 m)

	
0.37

	
55.9

	
56.8

	
0.9

	
0.00

	
0.0

	
0.0




	
Depth of trenches

	
0.68

	
55.9

	
57.1

	
1.2

	
0.00

	
0.00

	
0.00




	
(0.46 m)

	
0.32

	
55.9

	
57.1

	
1.2

	
0.00

	
0.00

	
0.00




	
Forest width

	
72.6

	
94.8

	
95.9

	
1.2

	
0.00

	
0.00

	
0.00




	
(42.86 m)

	
12.3

	
16.0

	
17.2

	
1.2

	
0.00

	
0.00

	
0.00




	
Potential Evap. (interception)

	
+10%

	
55.2

	
56.4

	
1.2

	
0.00

	
0.00

	
0.00




	
(4.08 mm day−1)

	
−10%

	
56.9

	
58.1

	
1.2

	
0.00

	
0.00

	
0.00




	
Potential Evap. (trench pond)

	
+10%

	
55.9

	
57.1

	
1.2

	
0.00

	
0.00

	
0.00




	
(2.74 mm day−1)

	
−10%

	
55.9

	
57.1

	
1.2

	
0.00

	
0.00

	
0.00
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Table 3. Logistic regression results for forest runoff and trench overtopping models. Significance tests performed using the likelihood-ratio, chi-square statistic (α < 0.05).
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Forest Runoff

	
Trench Overtopping




	
Term

	
Estimate

	
SE

	
p

	
Estimate

	
SE

	
p






	
Inf. cap. forest (mm hr−1)

	
−1.0

	
0.1

	
<0.001

	
−0.5

	
0.1

	
<0.001




	
Precipitation (mm hr−1)

	
1.2

	
0.1

	
<0.001

	
0.7

	
0.1

	
<0.001




	
Inf. cap. trench (mm hr−1)

	
−0.1

	
0.0

	
<0.001

	
−0.1

	
0.0

	
0.01




	
Forest width (m)

	
0.1

	
0.0

	
<0.001

	
0.2

	
0.0

	
<0.001




	
Trench width (cm)

	
0.2

	
0.0

	
<0.001

	
−0.1

	
0.0

	
0.23




	
Evap. ponding (mm day−1)

	
−3.3

	
1.0

	
0.09

	
−4.6

	
1.7

	
0.21




	
Evap. forest (mm day−1)

	
−0.5

	
0.2

	
0.04

	
−0.1

	
0.3

	
0.80




	
Pseudo Rsquare (U) (McFadden)

	

	
0.9

	
<0.001

	

	
0.9

	
<0.001
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Table 4. Cumulative infiltration as a percent of total precipitation under baseline (no trenches) and trenched scenarios. In each scenario, water derived from runoff and overtopping of trenches infiltrates immediately downslope (Figure 5) and is included in total infiltration.
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Cumulative Infiltration (% of Total Precipitation)




	
Type

	
Stage

	
No Trenches

(Baseline)

	
Trenches

(T)

	
Difference






	
Infiltration

	
Initial

	
56.6

	
57.9

	
1.3




	
Runoff/on (baseline)

	
Subsequent

	
2.2

	
2.1

	
−0.1




	
and overtopping/run-on (T)

	

	

	

	




	
Infiltration (total)

	
Final

	
58.8

	
60.0

	
1.2
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