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The relationship between precipitation and evapotranspiration (ET) is critical to understanding water cycle related dynamics in ecosystems, including crops. Existing studies of bioenergy crops have primarily focused on annual or seasonal ET rates, with less attention given to the immediate ET response following precipitation events. This study examines the variation in ET rates in the days subsequent to precipitation events across various bioenergy crops—corn, switchgrass, and prairies—utilizing 13 years (2010–2022) of growing season data. Meteorological and eddy covariance flux data were collected from seven eddy covariance flux towers as part of the GLBRC scale-up experiment at the Kellogg Biological Station Long Term Ecological Research sites. The analysis revealed that average ET peaked the day after precipitation and declined linearly over the following days, with a statistically significant relationship (p-value = 0.00027, R2 = 0.96). Neither the type of biofuel vegetation nor the historical land use significantly influenced ET post-precipitation events (p-values = 0.53 and 0.153, respectively). Key predictors of ET following precipitation events include shortwave radiation, season, day of the year, ambient temperature, vapor pressure deficit (VPD), long-wave radiation, precipitation amount, soil moisture, and annual variability. These findings enhance our comprehension of ET responses in bioenergy crop systems, with implications for water management in sustainable agriculture.
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1 INTRODUCTION
Precipitation provides water sources needed for evapotranspiration (ET), which is the combined process of evaporation and plant transpiration (Thornthwait, 1948). Plant stomata facilitate the uptake of carbon dioxide for photosynthesis, whereas water is lost through these same pores by transpiration. Because of this, the amount of water lost by ET is strongly correlated to the gross primary production of crop. As for the evaporation portion of ET, several microclimatic variables are responsible, including net radiation, temperature, vapor pressure deficit (VPD), and soil moisture (Chen, 2021). The aboveground biomass of corn stover, switchgrass, and prairies can be used as feedstock for cellulosic ethanol to replace ethanol made from corn kernels. Although this process is technologically feasible, it is not yet economically viable, and there are no current commercial production facilities in the United States (U.S. Congress, 2007). Major challenges include the pretreatment process of breaking down the lignocellulosic complex to separate digestible carbohydrates from lignin and engineering microorganisms for the fermentation process that can ferment multiple types of sugar and withstand high ethanol concentrations (Broda et al., 2022). As cellulosic ethanol technology improves, or commercial applications for lignocellulosic biomass develop, bioenergy perennial crops such as prairies and switchgrass may replace corn due to their low input requirements and ability to be planted on marginal lands. A potential shift from corn to perennial crops has raised concerns regarding its impact on the hydrologic cycle because of the high biomass productivity of perennial crops (Cibin et al., 2016), as well as altered microclimate conditions (Chen et al., 2024). Bioenergy crop cultivation has been identified as a means to remove carbon dioxide from the atmosphere, and its biophysical impact is important to understanding its mitigation potential (Wang et al., 2021).
In the hydrologic cycle, precipitation moistens the soil. Evaporation and transpiration return much of this water to the atmosphere. Previous studies have investigated the annual or seasonal ET rates across various crops to understand ET’s influence on bioenergy crop productivity (Abraha et al., 2015; Abraha et al., 2020; Hamilton et al., 2015). Abraha et al. (2020) analyzed 9 years of eddy covariance data and found that the perennial bioenergy crops used 4%–7% less water annually than corn in the fields that were historically used for conventional row-crop agriculture. During the growing season, the perennial crops had similar ET rates as corn, but during the non-growing season, they used 14%–15% less water due to the cover provided by the grass residues. Perennial bioenergy crops grown in fields with higher soil organic matter due to prior enrollment in the Conservation Reserve Program (CRP) had similar annual ET rates but used 5%–9% more water during the growing season and 11%–12% less water during the non-growing season.
The mechanisms driving these seasonal differences in water use and loss, particularly in relation to the dynamic interactions between ET and precipitation, remain unclear at finer temporal scales. Given the increasing variability of precipitation patterns due to climate change, it is crucial to understand how these changes impact ET processes in bioenergy crops over short-time periods. This knowledge gap is particularly evident in how bioenergy crops respond to intermittent and heavy precipitation events, which are becoming more frequent.
To fill this knowledge gap, the variations in ET rates during the 7 days following precipitation events are investigated in this study. Specifically, the aim of this study was to address the following research questions:
• How do ET rates of bioenergy crops respond to precipitation events at a fine temporal scale?
• What are the impacts of climatic factors, bioenergy crop types, and land-use history on ET following precipitation events?
• What is the temporal variability of ET in rain-fed biofuel crops?
We hypothesize that land-use history will influence the immediate ET response to growing season precipitation events. ET rates will be similar in fields with a history of conventional agriculture and higher for perennial biofuel crops than for corn when grown in former CRP fields. Additionally, the intensity of precipitation events may play a significant role in determining the ET dynamics onward, albeit that the importance of a specific biophysical variable may vary by the crop type.
2 MATERIALS AND METHODS
2.1 Study site
The study was conducted at the W. K. Kellogg Biological Station (KBS) agricultural research farm located in southwest Michigan, between Kalamazoo and Battle Creek, Michigan (N 42° 24 18.761, W 85° 24 4.468). The region has a humid, continental temperate climate with a mean annual air temperature of 9.3°C and a temperature range spanning from a minimum of −22.6°C to a maximum of 38.6°C. The site has a mean total annual mean precipitation of 1,027 mm. The sandy-loam soils are typically Hapludalfs and were formed on a glacial outwash with loess intrusions. The study area was previously described by Zenone et al. (2011), Abraha et al. (2015), and Bhardwaj et al. (2011).
The six fields include two cornfields (US-KL1 and US-KM1), two switchgrass monocultures (US-KL2 and US-KM2), and two restored prairies (US-KL3 and US-KM3), and the reference farm is grown with smooth bromegrass US-KM4 (Figure 1). The cornfields, switchgrass fields, and restored prairies fields were planted in 2010 following a year of vegetation destruction using two glyphosate (N-(phosphonomethyl)glycine treatments; Syngenta, Greensboro, NC, United States) at 2.9 kg ha−1 and a 2009 crop of no-till glyphosate-tolerant soybeans (Glycine max L.). The Lux Arbor Reserve corn, switchgrass, and restored prairie fields have a land-use history of corn–soybean rotations for over 50 years before 2009. The Marshall Farms set of corn, switchgrass, and restored prairie fields were managed as Conservation Reserve Program (CRP) land for 22 years before planting. The biomass from the switchgrass and restored prairies is harvested in November following senescence for cellulosic ethanol production. The cornfields are planted in early May, and since 2015, when harvested in the late fall, approximately 80% of the stover has been removed annually.
[image: Figure 1]FIGURE 1 | Locations of eddy covariance towers at W. K. Biological Field Station. US_KL1, US_KL2, and US_KL3 monitor the bioenergy crops corn, switchgrass, and restored prairie, respectively, and were planted in fields with a conventional agricultural land history. US_KM1, US_KM2, and US_KM3 monitor the bioenergy crops corn, switchgrass, and restored prairie, respectively, and were planted on lands that were formerly enrolled in the Conservation Reserve Program (CRP). Data from US_KM4 were not used for this study because they serve as a reference field.
2.2 Data collection and processing
2.2.1 Data source
The meteorological data used for this study were collected from the six experimental sites in the KBS agricultural research farm, each equipped with an eddy covariance tower. These towers provided continuous flux measurement for the fields described in Section 2.1 over a 13-year period from 2010 through 2022. Precipitation data were obtained from the KBS Long-Term Ecological Research (LTER) meteorological station, located at approximately 4 km from the nearest field (https://lter.kbs.msu.edu/datatables/247). This station, equipped with a NOAH IV weighing bucket gauge, has been recording precipitation data since 1988. Whereas these data have revealed the annual and seasonal water use by switchgrass and restored prairies (Abraha et al., 2015; Abraha et al., 2020), in this study, we narrow the focus to ET response in the week following growing season precipitation events.
2.2.2 Eddy covariance measurements
Since 2009, all six study fields (Figure 1) were individually monitored using open-path eddy covariance (EC) systems and meteorological instruments. Each EC system was equipped with LI-7500 infrared gas analyzers (IRGAs) from LI-COR Biosciences (Lincoln, NE, United States) paired with CSAT3 three-dimensional sonic anemometers from Campbell Scientific Inc. (Logan, UT, United States), sampling at a frequency of 10 Hz. The LI-7500 analyzers were calibrated every 4–6 months. The EC systems were in the center of each field at a height of 1.5–2.0 m above the canopy, with the anemometers oriented toward the prevailing wind direction, ensuring a minimum fetch of 150 m. Soil moisture was measured in the upper 0.3 m of the soil profile using a vertically inserted Campbell CS615 time domain reflectometry (TDR) probe. Soil moisture probes were placed at this level because most roots are found at this depth, so moisture changes at this level best indicate changes due to evaporation and transpiration.
The EC systems measured the total evaporative water flux, also known as evapotranspiration (ET). Raw half-hourly latent energy (LE) values were converted to ET values. Data with negative LE values and those exceeding 700 W/m2 were marked as not available (NA). To address data gaps, the average of daily values was used. Data processing and analysis were conducted using EddyPro 7 software (LI-COR Biosciences), which involved several steps: replacing data spikes with linear interpolation, correcting the time lag between water vapor and anemometer measurements, applying sector-wise planar fit method for axis rotation to correct anemometer tilt (Wilczak et al., 2001), block averaging for raw time series detrending, correcting sonic temperature for air pressure and humidity (Schotanus et al., 1983), adjusting water vapor fluxes for frequency response (Moore et al., 1991), and accounting for air density fluctuations (Webb et al., 1980).
2.2.3 Categorization of precipitation events
The primary focus of this study is to examine how ET varies in bioenergy crops in the days following precipitation events of varying intensity and across different seasons. To achieve this, daily precipitation data from 2010 through 2022 were collected from the KBS LTER meteorological station. The data analysis was conducted using R statistical software (V2023.06.1 + 524; Posit software, PBC).
Before analysis, the daily precipitation data were confined to events occurring between April 1st and October 31st to focus on the active growing periods. Precipitation events were further categorized by season: those occurring between April 1st and June 21st were characterized as “spring,” events between June 22nd and September 21st as “summer,” and events between September 22nd and October 31st as “fall.” If a precipitation event overlapped seasons, it was grouped in the category where most of its first three post-precipitation days occurred. The first 3 days tended to have the highest rates of ET following a precipitation event. Consecutive days of precipitation were aggregated and treated as a single precipitation event, with the initial day of each aggregated event designated as “day zero.” A minimum of three consecutive dry days was required to distinguish between separate precipitation events. Events lacking sufficient data were excluded, resulting in 839 analyzable precipitation events during 2010–2022.
The daily precipitation data, spanning from 1988 to 31 December 2023, were utilized to construct a probability density function (PDF), which visualizes the distribution of precipitation intensities across the study area. This PDF revealed that daily precipitation heavily skewed toward lower values, with most days experiencing light rainfall. Based on the observed distribution of precipitation intensities, we classified precipitation events into three categories for detailed analysis. These categories were defined to reflect natural breaks in the data, enabling a more structured analysis of precipitation patterns and their potential impacts on other study variables. The classification is as follows:
• Light intensity: precipitation events of less than 5 mm were categorized as “light intensity,” and there were 277 light precipitation events, comprising 33% of the total precipitation events over the study period.
• Moderate intensity: precipitation events between 5 mm and 15 mm were categorized as “moderate intensity,” and there were 220 moderate precipitation intensity events, comprising 26% of the total events.
• Heavy intensity: precipitation events greater than 15 mm were categorized as “heavy intensity,” and there were 342 heavy precipitation intensity events, comprising 41% of the total events.
Additionally, any precipitation events that occurred with less than a 3-day, rain-free period prior to a subsequent precipitation event were excluded from the analysis to ensure that only isolated precipitation events were considered, thereby maintaining the integrity of the evapotranspiration data associated with each categorized event.
2.2.4 Calculation of relative evapotranspiration (ET)
To normalize the data and ensure comparability across different precipitation events, relative ET was calculated using the daily ET values recorded after each precipitation event. Day zero was defined as the day of precipitation or the day when precipitation stopped. The relative ET for each day following a precipitation event was determined using the following formula:
[image: image]
This method compares each post-precipitation day’s average daily ET to the ET of the day of precipitation (Day 0 ET). By expressing ET as a ratio relative to the ET on the day of the precipitation event, we normalized the data, allowing for consistent analysis across different events and conditions. All precipitation events and their corresponding ET were converted into relative ET.
2.3 Statistical analysis
The dynamics of relative ET were compared in all growing seasons, by vegetation, and by a field’s land-use history before the establishment of the current bioenergy crop. In this study, the analysis was confined to 1 week following a precipitation event. This was because few precipitation events had a precipitation-free time span extending beyond a 7-day interval before a subsequent precipitation event. To quantify trends in relative evapotranspiration (ET) following precipitation events, linear regression analysis was utilized. Analysis of variance (ANOVA) was utilized to determine if any groups within seasonal categories, bioenergy crops, land-use history, and precipitation intensity categories were significantly different from other groups. Tukey’s honest significant difference (HSD) post hoc test was used to assess the significance of each of the groups from the other groups. A linear mix-effects model was used to statistically model the relative contributions that determine relative ET following precipitation events. All analyses were performed using [R studio], with a significance level of p-value <0.05.
3 RESULTS
3.1 Dynamics of relative ET following precipitation events
From 2010 to 2022, 839 precipitation events during the growing season were identified, and relative ET was estimated as described in the methods Section 2.2.4. This section reports the significance of relative ET in relation to precipitation events and examines changes in the ET over 7 days following precipitation events. Additionally, it includes the impacts on ET of the growing seasons, types of bioenergy crop grown, and field land-use history before establishment of the current bioenergy crop.
A linear decrease in daily average relative ET over the 7 days following precipitation events in bioenergy crops was detected (Figure 2), revealing a significant decrease in ET over time (p-value = 0.0003) based on data collected from 2010 to 2022. Each data point represents the average relative ET for that post precipitation day, aggregated from various bioenergy crops, highlighting the overall trend and variability in ET response to precipitation. A decline is shown from the first day’s relative ET of 0.245 to the seventh day’s relative ET of 0.158, with a high correlation coefficient of determination (R2 value = 0.96), indicating that a decrease in ET decreases as the days following a precipitation event increase. Relative ET, however, exhibits high variability following precipitation events (Figure 3). The most extreme outlier was observed on day 2, when temperature played a significant role (p-value = 8.4e−15) on the variability of relative ET. The outlier on day 2 corresponds to a precipitation event on 15 April 2010, when the temperature increased from 9.2°C on the day of the precipitation event to 21.0°C by post-precipitation day 2. This substantial temperature increase caused relative ET’s increase, which then gradually decreased with decreasing temperatures over the next 2 days (Figure 4).
[image: Figure 2]FIGURE 2 | Average relative evapotranspiration (ET) decreases linearly in the days following a precipitation event, as illustrated by the red trend line (R2 = 0.96). Relative ET was calculated relative to the ET rate of the crop on the day of the precipitation event. This average includes all precipitation events from the corn, switchgrass, and restored prairie fields from 2010 through 2022.
[image: Figure 3]FIGURE 3 | Scatterplot of relative evapotranspiration (ET) values for the days following a precipitation event reveals ET to be highly variable during the week following precipitation events in bioenergy crops (2010–2022). The red line indicates the linear relationship between relative ET and days after precipitation events.
[image: Figure 4]FIGURE 4 | Temperature and evapotranspiration plotted for the most extreme relative ET event observed on 15 April 2010. The blue bars represent temperature (°C) for each day following the precipitation event, while the red line shows the corresponding relative ET.
3.2 Influencing factors on relative ET
Relative ET declines following precipitation events. To understand how meteorological conditions, crop-specific characteristics, and land-use history may affect ET following precipitation, a regression analysis and analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) post hoc test were employed to determine the parameters that significantly influence ET (Table 1).
TABLE 1 | Regression analysis and analysis of variance (ANOVA) results showing the impact of meteorological conditions, crop vegetation type, and land-use history on relative ET.
[image: Table 1]The microclimatic conditions that influence ET following a precipitation event are illustrated in Table 1. Shortwave radiation (Rn short), total radiation (Rn total), and season are the most significant climatic parameters that best explain relative ET with respective R2 values of 0.064, 0.041, and 0.030, respectively. Other parameters that have a significant impact on relative ET include ambient temperature, the day of the year, the square root of the vapor pressure differential (VPD), longwave radiation (Rn long), precipitation amount, VPD, and soil moisture (R2 values = 0.015, 0.011, 0.0068, 0.0044, 0.0032, 0.0031, and 0.0020, respectively). Surprisingly, land-use history and crop type (Figure 5) were not found to be significant parameters (p values = 0.153 and 0.53, respectively), nor was the interaction between land-use history and vegetation (p-value = 0.24).
[image: Figure 5]FIGURE 5 | Relative evapotranspiration (ET) of bioenergy crops: corn, switchgrass, and restored prairie grown in fields historically used for conventional row cropping compared to fields enrolled in the Conservation Reserve Program (CRP). The middle line within the boxes (red, green, and blue) represents the median value of relative ET for each category. The analysis indicates that there is no statistically significant difference in relative ET across different crop types or historical land-use types in the days following a precipitation event, as indicated by the overlap in the interquartile ranges of the box plots.
A linear mixed-effects model fit using restricted maximum likelihood (REML) with t-tests using Satterthwaite’s method was used to determine the best predictive model for explaining the change in relative ET following a precipitation event. This model explains 34.8% of the relative ET for bioenergy crops (marginal R2 value = 0.176 and conditional R2 value = 0.348) and included Rn short, seasons, ambient temperature, square root of VPD, Rn long, precipitation intensity, and soil moisture as fixed variables, with year as a random variable and day of the year nested into seasons. This model had an Akaike Information Criterion (AIC) value of 4,765.5. Changing the relationship between Rn short and temperature to interactive from additive improved the explanatory power of the model (marginal R2 value = 0.181 and conditional R2 value = 0.350), but this increased its AIC score to 4,769.7, indicating overfitting.
Season significantly influenced relative ET (R2 value = 0.030) of the post-precipitation day. To determine each season’s effect on relative ET, 839 individual events were differentiated into three seasons: spring, summer, and fall. Fall’s relative ET was significantly lower than that of other seasons (Figure 6), with a mean difference of −0.34 when compared to spring (p-value = 0.0000) and with a mean difference of −0.33 when compared to summer (p-value = 0.0000). As the days of the year progressed, a decrement in relative ET was observed, with a change rate of −0.0013 compared to the intercept. The “day of the year” as a parameter accounted for less than 1% of the variance in relative ET changes, with a p-value of 2.0e−11 and a multiple R2 value of 0.011. Day of the year was nested under season for generating a model for ET following precipitation events.
[image: Figure 6]FIGURE 6 | Combined mean relative evapotranspiration (ET) of the bioenergy crops: corn, switchgrass, and restored prairie during the growing seasons (2010–2022). This figure demonstrates seasonal variations in relative ET, with the fall season showing significantly lower relative ET than spring and summer (R2 value = 0.030), with mean differences of −0.34 and −0.33, respectively, for all post-precipitation events. The middle line in the boxes represents the median relative ET value for each season. This figure highlights seasonal variations in relative ET, with the red box representing spring, the green box representing summer, and the blue box representing fall.
An ANOVA of precipitation intensity revealed that moderate precipitation (5 mm and 15 mm) significantly influenced relative ET, more than both the heavier (>15 mm) and lighter (<5 mm) precipitation. Although the differences in relative ET among the precipitation categories were statistically significant, they were exceedingly small, as shown in Figure 7. On comparing moderate to light precipitation, there was a mean difference of −0.077 (p-value = 0.021), suggesting that ET is not linearly related to the precipitation volume. Instead, ET appears to be influenced by a specific range of precipitation conditions. In comparison to heavier precipitation, the mean difference was even more pronounced at −0.095 (p-value = 0.0013). However, no significant difference was observed between the ET effects of lighter precipitation and heavier precipitation (p-value = 0.77), with a mean difference of −0.018. These statistical insights were obtained through Tukey’s multiple comparisons test after an ANOVA, which yielded an R2 value of 0.0031, indicating that the precipitation amount alone accounts for minimal variability in relative ET.
[image: Figure 7]FIGURE 7 | Relative evapotranspiration (ET) of bioenergy crops: corn, switchgrass, and restored prairie following precipitation events of varying intensities. Although moderate precipitation is significantly higher than light and heavy precipitation (R2 value = 0.0032), the mean differences were only −0.077 and −0.095, respectively. The middle line in the boxes represents the median relative ET value for each precipitation amount. This figure highlights seasonal variations in relative ET, with the red box representing spring, the green box representing summer, and the blue box representing fall.
The ANOVA of vegetation type revealed that the type of bioenergy crop grown did not significantly influence relative evapotranspiration (ET) during the days following a precipitation event, with a p-value of 0.53. Additionally, the mean precipitation amounts and the absolute mean ET values for the 13 years of the study period for each bioenergy were plotted to demonstrate similarity in the long-term flux patterns of the bioenergy crops (Figure 8). The ANOVA on historical land use revealed that planting bioenergy crops in former conservation reserve land or in land that was used to raise row crops conventionally had no significant impact on relative ET following precipitation events (p-value = 0.153). An ANOVA of the interaction between vegetation type and historical land use was found not to be of significance (p-value = 0.24). Neither the bioenergy crop nor historical land use significantly impacted relative ET (Figure 5).
[image: Figure 8]FIGURE 8 | Absolute mean evapotranspiration (mm) and mean precipitation (mm) of the day of the year for the bioenergy crops: corn, switchgrass, and restored prairie (2010–2022). In each subplot, blue bars represent mean precipitation, while the red line indicates absolute mean evapotranspiration (ET).
4 DISCUSSIONS
4.1 Exploring the dynamics of relative ET following precipitation events
The dynamics of relative ET following precipitation events, as detailed in Section 3.1, provide insights into the water dynamics of rain-fed, bioenergy crops. The observed decline in average relative ET following a precipitation event (Figure 2) indicates that ET is highest immediately after a precipitation event, with a gradual, linear decrease in the following days. This pattern aligns with the findings of He et al. (2017), who analyzed global responses of ecosystem ET to precipitation deficits and observed similar trends in ET behavior across diverse climatic regions. Notably, the second and third post-precipitation days exhibit minimal changes in relative ET, suggesting a temporary equilibrium in soil moisture and plant water uptake. As days progress, ET continues to decline, reflecting less soil water availability for evaporation and transpiration (Xu et al., 2012).
The analysis of the temporal variability in relative evapotranspiration (ET) does not reveal a distinct pattern in the first seven post-precipitation days, as illustrated in Figure 3. The observed decrease in variability on day seven might suggest that the vegetation is adjusting to decreasing moisture conditions, as depicted in Figure 9. This observation aligns with findings by Eagleman and Decker (1965), who noted that evapotranspiration rates decline as soil water decreases. The current study did not extend the analysis beyond the first 7 days, primarily because very few precipitation events were followed by extended dry periods. Future studies could benefit from employing eddy covariance data to explore the extended intervals between precipitation events further. It is also crucial to conduct a similar study in relation to different crop locations and weather conditions.
[image: Figure 9]FIGURE 9 | Average relative evapotranspiration (ET) of all post-precipitation events from bioenergy crops: corn, switchgrass, and restored prairie. The gray bars represent average relative ET across the 7 days following precipitation events, while the black line shows the corresponding soil moisture (m3m−3). ET is significantly correlated with soil moisture, however, the R2 value is only 0.0020.
4.2 Interpreting the analysis of influencing factors on ET
Regression analysis and ANOVA were used to examine how meteorological conditions, vegetation type, and land-use history collectively impact relative ET following precipitation events. This analysis identifies the key drivers of relative ET variability. Rn short, Rn total, and season have the greatest influence on ET, whereas other factors such as temperature, day of the year, VPD and the square root of VPD, Rn long, amount of precipitation, and soil moisture play significant but less important roles. In bioenergy crop canopies that are weakly coupled with the bulk atmosphere, ET moistens the air and reduces the VPD that drives ET in taller, strongly coupled canopies, such as forests or orchards. Waring and Running (2007) and Akuraju et al. (2017) emphasize the pivotal role of net radiation as the dominant driver of ET in short, weakly coupled canopies. In this study, we support and extend these findings by demonstrating that Rn short plays a more significant role in influencing relative ET than total or net radiation, with R2 values of 0.064 and 0.0461, respectively. This is because when Rn short is absorbed by the leaf and turned into heat, the warmer temperature increases the amount of water molecules in the stomata pore, which is at 100% relative humidity. This increase in water vapor concentration drives the diffusion of water from the stomata, increasing ET with increasing Rn short. The season of the year was the third most influential factor on ET (R2 value = 0.030). Whereas temperature is the fourth in importance as a driver of ET (R2 value = 0.015), a temperature swing was the cause of the most extreme outlier that occurred on post-precipitation day 2 (Figure 3). Extreme temperature events drove multiday ET swings that peaked on each of this day (Figure 4).
This study found that vegetation type and historical land use did not significantly affect relative ET following precipitation events, contrasting findings observed by Abraha et al. (2020), who utilized the same dataset. Their analysis revealed that perennial vegetation cultivated on land with a history of conventional agriculture exhibited 4%–10% lower ET rates during the growing season than those planted on former CRP fields. This was attributed to the better soil health of the CRP fields, which have a lower soil bulk density, higher contents of soil carbon (C) and nitrogen (N), and greater pools of labile soil carbon (Abraha et al., 2015; 2018). The enhanced soil conditions in CRP fields facilitated the development of larger canopies in perennial crops, which led to increased ET rates during the growing season. In contrast, corn showed similar ET rates across different land-use histories, likely because the use of fertilizer compensated for differences in soil organic matter. This difference in finding between studies is plausibly due to the smaller time window consisting of the 7 days following a precipitation event used by this study. Organic matter is an important determinant of the average water-holding capacity (Hudson, 1994), and its greater abundance in the CRP field may play a more significant role as the days between precipitation events increase. Our findings across different vegetation types and land-use histories suggest a general uniformity on how these bioenergy crops respond to water availability in the week following a precipitation event.
4.3 Understanding seasonal and precipitation intensity effects on relative ET
4.3.1 Seasonal variations in relative ET
The findings of the study demonstrate that seasonal variations significantly impact the dynamics of relative ET (Méndez-Barroso et al., 2014; Villarreal et al., 2016; Williams et al., 2012) as fall begins a period of senescence for C4 grasses following seed production (Moore et al., 1991). The modest explanatory power (R2 value = 0.030) suggests that although seasonality significantly influences ET, it accounts for a small amount of the variability observed. This conclusion is supported by the “day of the year” analysis, which accounted for <1% of the variance in ET changes, underscoring the complexity of factors influencing ET beyond simple seasonal categorizations. This variability may also be impacted by lower temperatures during cooler months, which reduce the amount of water evaporated or transpired by plants, leading to decreased ET rates. Additionally, the presence of fully grown agricultural crops with complete canopy coverage during these months could help maintain soil moisture for longer periods than usual.
4.3.2 Impact of precipitation intensity on relative ET
The analysis of precipitation intensity reveals that precipitation events have a small but significant impact on ET (Villarreal et al., 2016; Williams et al., 2012; Xu et al., 2012). Moderate precipitation had small but significantly higher relative ET than both heavier and lighter precipitation levels. This observed pattern aligns with the findings of Villarreal et al. (2016) and Williams et al. (2012), showing a nonlinear relationship between precipitation volume and ET, where ET peaks at moderate precipitation levels and decreases with heavier precipitation. Light precipitation may not sufficiently saturate the soil. Following precipitation events, both soil moisture and relative ET decrease (Figure 9). A logical extension is that light precipitation events led to less soil moisture, limiting ET. Heavy precipitation may lead to saturated soil conditions that cause anaerobic soil. When corn roots lack oxygen, the nutrient update is slowed, and root tips begin to die. Anaerobic soil conditions also increase denitrification, leading to lower levels of mineralized nitrogen, which negatively affects plant growth (Abendroth et al., 2011). In the northeast part of the United States, switchgrass is best adapted to shallow, dry soils (Vandevender, 2024), perhaps because like corn, it too is affected by saturated soil conditions. The prairie field community includes switchgrass, so its relative ET would also likely decrease under saturated soil conditions. The low R2 value (0.00275) from these comparisons indicates that although significant, precipitation intensity explains only a small fraction of the variability in ET.
4.4 Implications for bioenergy crop management and water-use efficiency
The potential expansion of perennial biofuel crops such as switchgrass and restored prairies to meet increasing biofuel demand necessitates applying our understanding of corn’s water-use efficiency to the management of these perennial crops. Research indicates that in the immediate aftermath of precipitation events, the evapotranspiration (ET) rates of switchgrass and restored prairies do not significantly differ from that of corn, regardless of the land-use history (Hoover et al., 2023). When considering the entire growing season, the water-use efficiency of perennial crops on upland soils with a history of conventional row crop farming is comparable to that of corn. However, on lands that were previously part of the Conservation Reserve Program (CRP) or with high soil organic matter content, perennial crops may consume 5%–9% more water than corn.
The non-growing season presents a different scenario. Perennial crops, with their increased grass residue cover, demonstrate reduced evaporation compared to corn fields. This retained water can be partially stored in the soil, depending on soil texture, and becomes available for plant transpiration in the subsequent growing season (Weil et al., 2022). This could contribute to more efficient overall water use. This characteristic of perennial crops could prove advantageous in water-limited environments or during drought conditions.
Future research should focus on long-term studies to better understand how these water-use patterns evolve over multiple growing seasons and under various climate scenarios. Additionally, investigating the potential synergies between annual and perennial bioenergy crops in mixed cropping systems could lead to optimized water-use efficiency strategies for bioenergy production.
5 CONCLUSIONS
The study investigated the immediate response of evapotranspiration (ET) rates to precipitation events in common bioenergy crops, addressing a critical gap in the fine-scale understanding of ET dynamics. Relative ET was used to analyze ET during the 7-day period following growing season precipitation events in corn, switchgrass, and prairie fields grown for biofuel production. The findings indicated that average relative ET was highest the day following a precipitation event and gradually decreased linearly over subsequent days. The statistical analysis over 2010–2022 revealed the primary determinants of this decline include shortwave radiation, total radiation, and season. Furthermore, ambient temperature, day of the year, the square root of VPD, long wave radiation, precipitation amount, VPD, and soil moisture were all significant factors influencing ET patterns. Surprisingly, crop type and the land-use history before planting did not significantly impact relative ET following precipitation events. This indicates that the immediate ET response is more strongly governed by environmental and atmospheric conditions than by the specific characteristics of the bioenergy crops or their historical land use. These findings contribute to a deeper understanding of water cycle dynamics within bioenergy crops, especially in the context of sustainable agriculture and development of bioenergy crops.
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