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Abstract

Water deficit threatens plant productivity and growth, especially in semi-arid regions. In Puerto
Rico, 53.5% of fruit and vegetable production occurs in the south, where a semi-arid climate
limits water availability and agricultural productivity. This research is conducted at Finca
Atabey, Santa Isabel, on the southern coast of Puerto Rico, characterized by high temperatures,
low pulsing precipitation, high evapotranspiration, and frequent droughts. Crops at our study site
rely almost exclusively on drip irrigation. Here, we investigate the impact of drip irrigation and
pulse precipitation on soil water content in avocado stands grown in two distinct soil series:
Jacaguas and San Anton. We hypothesized that effective precipitation would have an additive
effect on soil water content, which depends on drip irrigation. Additionally, we hypothesized that
soil type would determine the extent to which precipitation influences soil water content. For
one-year, meteorological data were collected with an on-site weather station, as well as soil
profile data with soil sensors, which measured water content at three depths: a) 0 — 15 cm, b) 15
—30 cm, and ¢) 35 — 50 cm. Results validate semi-arid conditions at our site. Pulsing
precipitation events are the norm, with effective precipitation (P > ETo) occurring in only 54
days. Results also indicate differences in water content between soil types. Soil water content at
the Jacaguas site was mostly below the wilting point (23.4%), except for some values in the 15—
30 cm depth. In San Anton, the 35-50 cm depth had no available water, while the 0—15 cm and
15-30 cm depths exceeded the wilting point (27.9%). ANOVA results show significant soil
series and depth effects on water content (p-value> 0.0001). This study contributes to knowledge
on soil water dynamics in semi-arid regions and provides relevant information for water-use and
crop resilience, especially under projected drier conditions due to climate change.
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Introduction

Human-caused climate change has contributed to an increase in ecological droughts due
to rising temperatures and evapotranspiration, making arid and semi-arid tropical areas more
prone to heightened risks and vulnerabilities (IPCC, 2023). Agriculture in the semi-arid tropics is
facing multiple and complex challenges, including the degradation of natural resources (Rathore
et al., 2019). Drought events in these regions negatively impact crop productivity and limit plant
growth (El-Beltagy & Madkour, 2012). Among the critical factors for plant growth are soil water
content and temperature (Wang et al., 2000), and any significant shifts in these parameters can
have profound effects on plant development and ecosystem stability. Soil nutrient and water

management are important to maintain the sustainability of agricultural lands (Kim & Park,

2024).

Semi-arid regions are characterized by low and erratic rainfall, high wind velocity, and
intense solar radiation. They cover about 41 percent of the earth’s terrestrial surface and are
home to more than a third of all human beings (Mortimore et al. 2009). In addition, they are
characterized by single rainfall events that usually cause brief pulses of soil moisture with
limited infiltration depth (Chesson, 2004). In these ecosystems, high year-long potential
evapotranspiration leads to an increase in plant water consumption (Modarres & Rodrigues da
Silva, 2007; Rathore et al., 2019, as cited in Begizew, 2021). Understanding the effects of
combined precipitation pulsing events and irrigation dynamics is crucial for effective water

management in semi-arid agricultural regions.

Irrigation is highly significant for global agricultural production as 20% of the world’s
semi-arid irrigated crops produce 40% of harvested products, doubling land productivity within

these regions (Fernandez Cirelli et al. 2009). An agrosystem is defined as a complex and



multidimensional landscape governed by combined natural phenomena and processes, and
human influence (Tittonell, 2023). In these systems, drip irrigation is widely used and crucial for
the efficient management of water resources (Ouédraogo et al., 2021). Drip irrigation is a low-
pressure, low-volume system that delivers water directly to plant roots from above or below the
surface through a network of valves, pipes, and emitters, conserving water and nutrients
(Karishma, 2021). This management practice is recognized as a high-efficient water-saving
irrigation technology around the world and has been widely used in semi-arid areas (Wang, et al.

2022).

As of 2021, Latin America and the Caribbean had a total of 6,603,895 square meters of
agricultural land, with Puerto Rico accounting for 1,689 square meters (World Bank, 2021).
Thus, there is a need for further research to assess the long-term effects of climate change on
agriculture (Moraes et al., 2023). Recurrent droughts across the island of Puerto Rico,
particularly in the southwestern semi-arid region, have highlighted the agricultural vulnerability
and the increasing need for adaptation mechanisms such as effective management practices to
support agricultural production (PRCC, 2022). The southern region of the island is characterized
by a semi-arid climate with pulsing and infrequent precipitation that limits water availability.
This region, which includes the municipality of Santa Isabel, accounted for 53.34% of Puerto
Rico's fruit and vegetable cultivation land in 2018, the highest among all regions of the island

(Agricultural Census, 2017), highlighting its vital role in the island's food security.

The substrate of Santa Isabel is characterized by alluvial mollisols rich in organic matter
with high infiltration rates of 119.4 mm/hour (Lugo-Lopez et al., 1968). At our study site, Finca
Atabey, these soils are highly fertile and characterized by a thick, dark-colored surface horizon,

elevated organic carbon levels, and high base saturation (Mufioz et al., 2018). The clay-loam and
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clay soils at our study site are subdivided into two series, San Anton (Sa): fine-loamy, mixed,
superactive, isohyperthermic Cumulic Haplustolls (National Cooperative Soil Survey, 2006), and
Jacaguas (Jg): loamy-skeletal, mixed, superactive, isohyperthermic Fluventic Haplustolls
(National Cooperative Soil Survey, 2000), respectively. San Antdn soils have a water
transmission capacity (Ksat) of 0.37-3.75 cm/hr (moderately low to moderately high), while
Jacaguas soils range from 1.50-5.23 cm/hr (moderately high to high) (USDA NRCS, 2023). The

available water capacity is 20.8% for San Anton and 21.6% for Jacaguas (Lugo Lopez, 1952).

Due to pulsing and infrequent rainfall, high temperatures and evapotranspiration, and
high soil infiltration rates, crops in the southern agricultural region of Puerto Rico are almost
exclusively dependent on drip irrigation (Kuniansky et al. 2004). For this project, we studied the
environmental effects of pulsing precipitation and drip irrigation on the soil water dynamics of
avocado crops, as understanding the impacts of the dynamics of combined precipitation pulsing

events and drip irrigation is highly relevant for managing water in semi-arid agricultural regions.

Based on this, we have established the following questions: 1. How does the quantity,
intensity, and frequency of pulsing precipitation determine the water content in the soil profile?
and 2. Does soil type affect water availability in the agrosystem? We hypothesized that effective
precipitation would have an additive effect on the water content of soils that depend on drip
irrigation. In addition, we hypothesized that soil type would determine the effectiveness of

precipitation in influencing soil water content.



Methods
A. Study site
This investigation was conducted at Finca Atabey, Santa Isabel, P.R. (17°59'46" N
66°24'36" W) (Figure 1B). We studied the environmental effects of drip irrigation and pulsing

precipitation on water content dynamics in Jacaguas and San Antén with avocado crops.
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Figure 1A. highlights Santa Isabel, Puerto Rico, and Figure 1B. Finca Atabey (images based on
©Google Earth, 2024).

B. Experimental design

We monitored meteorological variables, including air temperature (°C), precipitation (mm),
solar radiation (W/m?), and reference evapotranspiration (mm), from March 2024 to 2025, at 15-
minute intervals using an ATMOS 41W meteorological station installed at the site. Soil profile
data was collected from March 2024 to February 2025 using METER Group TEROS 12 sensors
to measure water content. These sensors were installed based on the rooting depths of avocado
and pumpkin crops: a) 0—15 cm, b) 15-30 cm, and c) 35-50 cm, respectively. The soil sensors

were connected to METER ZL6 loggers with data collected at 1-hour intervals.

Dry days were established by the Cuevas & Medina (1986) equation:

Rainfall (mm) — Evapotranspiration (mm) < 0



C. Statistical treatment of data
Statistical analyses were carried out using JMP® 18 and R Studio packages. Descriptive
and parametric analyses were carried out. Box plots, time series, line and dot graphs, and one-

way ANOVA were performed based on the questions analyzed.

Results
Monthly Rainfall Trends

Monthly and yearly rainfall patterns were observed at Finca Atabey (Table 1). In May
2024, the region experienced the highest rainfall, indicating a period of intense precipitation. In
contrast, November featured the most wet days along with frequent rain pulses, although these
events were characterized by lower intensity. Notably, evapotranspiration exceeded rainfall on
14 of the 22 rainy days in November, highlighting a moisture deficit during that month. January
2025 stood out as the driest month, recording the highest number of dry days along with the

lowest precipitation levels.

Relationship Between Climate Variables

An examination of the relationship among daily precipitation, mean air temperature, and
reference evapotranspiration reveals interesting trends. High rainfall periods, such as in May
2024, correlated with decreases in both air temperature and evapotranspiration (Figure 2).
Conversely, during periods of low rainfall, an increase in these variables was observed.
However, these patterns are not uniform, as factors like cloud cover and various climatological
variations—including humidity, wind, and solar radiation—also exert significant influence. The
months from November to February showed a seasonal decrease in temperature and

evapotranspiration, aligning with the drier months experienced in Puerto Rico.



Dry Days and Precipitation Patterns

The visual representation of dry days and precipitation pulses illustrates the semi-arid
conditions on Finca Atabey (Figure 3). During most days, there is little to no precipitation,
confirming the trend seen in Table 1, where the frequency of zero precipitation days is high.
Rainfall events tend to be intense and sporadic, creating noticeable peaks on specific dates. This
data supports the conclusion that dry days are predominant, reinforcing the observation of low

precipitation consistency.

Soil Water Content Comparisons

In exploring soil water content, it becomes clear that the San Anton soil series exhibited
significantly higher water contents compared to the Jacaguas series at both 0 — 15 cm and 15 —
30 cm depths (Figure 4). The 35 — 50 cm depth yielded the lowest water content for both soil
series. Within the Jacaguas series, the water content peaked at 15 — 30 cm (23.4 = 2.1, Table 2),
followed by a lower measurement at 0 — 15 cm (17.3 £ 2.7, Table 2). In contrast, average water
contents in San Anton consistently exceeded 30% at the shallower depths (Max of 37.9, Table 3),
while Jacaguas’ values largely fell below the wilting point (23.4%), except for some
measurements at 15 — 30 cm. Notably, San Antén showed no available water at 35 — 50 cm but

maintained values exceeding the wilting point in the upper soil layers (27.9%).

Temporal Variations in Soil Water Content

Analyzing changes in volumetric water content over time reveals the significant impact
of climate events and irrigation practices. Notably, a peak in soil water content coincided with
Tropical Storm Ernesto (Figure 5), reinforcing the hypothesis that significant climatic events

have cumulative effects on water retention. The extensive rainfall in November, recognized as
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the wettest month, also played a role in maintaining elevated water levels. The different
capacities of the two soil types to retain water were confirmed, supporting the second hypothesis
surrounding these soil series. During the irrigation phase, small peaks in soil water content
corresponded with irrigation events. In December, San Antdn exhibited minimal variability in
water content, likely influenced by various meteorological factors, including cloud cover. This,

in turn, creates a more stable environment for moisture retention.

Statistical Analysis of Soil Water Content

A statistical analysis presented in Table 4 indicates the results of the one-way ANOVA
conducted in R Studio for the two soil series, Jacaguas and San Anton. The extremely small p-
values (0.0001) indicate that both depth and soil series, along with their interactions,
significantly influence water content. This analysis underscores the importance of understanding

different soil characteristics in managing water resources effectively.

Discussion

Semi-arid conditions were validated throughout this study. Low precipitation, high solar
radiation, elevated temperatures, and high reference evapotranspiration rates characterize Finca
Atabey's climate. This site experiences bimodal and pulsed precipitation patterns, such as those
known to occur in Puerto Rico (Medina & Cuevas, 1990; Govender et al., 2013). Crop
production in semi-arid areas is highly influenced not only by the amount of rainfall but also by
its extreme variability, with high intensities, few events, and poor spatial and temporal
distribution (Rockstrom et al., 2010; Oweis & Hachum, 2006). This research confirms that
precipitation in Santa Isabel is highly erratic, highlighting crops' critical dependence on irrigation

in these regions, as soil water content tends to fluctuate mainly in response to significant rainfall
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events. In these environments, drip irrigation plays a central role in managing limited water

resources efficiently (Ouédraogo et al., 2021).

Our results indicate that the site experiences mostly dry days. However, when
precipitation does occur, it increases soil moisture, strengthens surface—air interactions that
promote evaporation, and reduces daily maximum temperatures (Pyrgou et al., 2019). In our
study, significant rainfall events, such as those from Tropical Storm Ernesto, noticeably
enhanced soil water content. This observation is consistent with findings from Beijing’s
mountainous forestlands, where a single 164.4 mm rainfall event led to a substantial increase in
soil moisture (Wu et al., 2015), and from the southern Appalachian Mountains, where storm
events across diverse landscapes consistently affected soil moisture levels based on soil depth
and topography (Vose et al., 2022). This result supports our initial hypothesis and reflects the
broader patterns identified in the study, emphasizing the close relationship between climatic

variables and water availability for avocado crops.

Soil types vary in their ability to retain water, with factors like texture, such as clay and
clay loam, playing a significant role in water availability. Wilting points—the moisture level at
which plants can no longer absorb enough water to survive—vary by soil type due to differences
in texture and structure. Texture and structure determine the distribution of pore sizes within the
soil, which directly impacts how much water is available to plants by influencing key moisture
levels like saturation, field capacity, and the wilting point (Lugo Lopez, 1952; O'Geen, 2013). In
Finca Atabey, soil water content varies between the soil series, with San Anton showing higher
water retention in the shallower depths than Jacaguas. This was expected and confirms our

second hypothesis, which stated that soil types would exhibit differences in water content.
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Temporal weather variability also influenced water content. In colder months like
December, there was lower variation in water content in San Anton, possibly due to the influence
of increased cloud cover, lower temperatures, and reduced evapotranspiration. As a result, the
water content during this period was fairly similar to that observed during significant rainfall
events. Our findings are consistent with those Pyrgou et al. (2019), who identified cloud cover,
soil moisture, precipitation, and solar radiation as key factors influencing the diurnal temperature
range, with cloud presence shown to reduce daytime highs and raise nighttime lows by limiting

incoming sunlight and trapping heat.

In the future, we intend to study additional parameters such as soil conductivity and
temperature. Furthermore, we plan to compare how soil water content in avocado crops responds
to rainfall and irrigation, in contrast with pumpkins, an annual crop that is also a predominant
crop at our study site. This will allow for comparing irrigation and precipitation inputs,
ultimately enhancing our understanding of water use efficiency. In line with this approach, Zarai
et al. (2023) emphasize that smart irrigation strategies—especially those involving real-time
monitoring of soil water and salt content—are crucial for enhancing irrigation efficiency and
promoting sustainable agriculture in semi-arid regions. Implementing effective irrigation
management will help us optimize the depth and timing of water application to satisfy crop needs

while minimizing losses and conserving water resources (Datta et al., 2017).

Our work incorporates various ecohydrological variables to provide an ecosystem-level
approach in a semi-arid agricultural system where the frequency, intensity, and timing of brief
climatic events, and crop and water management, dictate the dynamics between soil and received

water. This investigation reveals that crops in semi-arid regions heavily rely on irrigation, as soil
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water content appears to be influenced primarily during significant rainfall events. Future studies
should consider other variables impacting water retention and availability, such as cloud cover,

lower temperatures, and lower evapotranspiration rates.

The results of this study can help deepen our understanding of agricultural ecohydrology,
especially in systems where climatic and anthropogenic factors influence water availability.
There is very little data on soil water dynamics in the southern agricultural region of Puerto Rico;
therefore, our ongoing study will continue to provide highly relevant information for water use
and crop resilience, especially under projected drier conditions due to climate change.
Understanding long-term climatic shifts is critical for developing adaptive strategies in
agriculture, as highlighted by Moraes et al. (2023). This underscores the need for ongoing

research into the lasting impacts on crop productivity and resource management.
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Tables and Figures

Table 1. Quantity, Intensity, And Frequency of Precipitation Pulses by Month

Month-year

Mar-24

Apr-24

May-24

Jun-24

Jul-24

Aug-24

Sep-24

Oct-24

Nov-24

Dec-24

Jan-25

Feb-25

Mar-25

Quantity

(mm)

13.1

66.9

207.8

63.6

55.8

58.1

65

111.5

99.6

43.1

8.4

16.2

26.9

Total: 836.1

Average: 64.3

SD: 53

Intensity Frequency
(mm/day)  (pulses/month)
0.2-5.1 7
0.02-22.9 16
0.05-71.6 11
0.03-19.9 13
0.02-23.3 17
0.05-30.8 9
0.05-25.0 15
0.1-42.8 22
0.02-27.8 22
0.05-25.8 14
0.02-4.3 11
0.2-8.0 7
0.2-24.8 5
- Total: 169
- Average: 13
- SD: 5.4

Dry days per

month

21

25

25

24

28

12

25

24

22

27

30

26

22

Total: 311

Average: 23.9

SD: 4.4

Wet days per

month

Total: 54

Average: 4.2

SD: 2.3
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Table 2. Descriptive statistics for Jacaguas

Depth (cm) Mean SD
0-15 17.32 2.74
15-30 23.40 2.05
35-50 17.95 1.25

10.4

16.2

13.4

Min

28.4

33.4

24.5

Max
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Table 3. Descriptive statistics for San Anton

Depth (cm) Mean
0-15 29.23
15-30 30.68
35-50 18.46

4.72

243

1.85

SD

14.2

21.8

12.7

Min

37.9

36.2

27.8

Max
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Table 4. One-way ANOVA for both Soil Series (Jacaguas and San Anton)

Depth (cm) DF Prob > |t| Prob >t
0-15 13,066.89 0.0001 0.0001
15-30 15,816.85 0.0001 0.0001
35-50 14,271.02 0.0001 0.0001
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Figure 2. Comparison Between Daily Precipitation, Mean Air Temperature, and Reference

Evapotranspiration over Time. Opposing trends between rainfall and the other variables

highlight seasonal dynamics and climate-driven variability.
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Figure 3. Dry Days and Precipitation Pulses over Time. The blue line represents rainfall, and

the dots represent dry days. The site experiences mostly dry days (P < ETo) and low and erratic

precipitation.
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Figure 4. Volumetric Water Content by Soil Series. San Anton soils maintain higher moisture
levels than Jacaguas, with upper layers (0—15 cm and 15-30 cm) remaining above the wilting

point. In contrast, Jacaguas soils fall mostly below their wilting point at all depths.
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Figure S. Volumetric Water Content by Soil Series Over Time. Three major patterns are

highlighted in this figure: tropical storm Ernesto, an effective rainfall event, and irrigation.

Disclaimer: Data can be provided upon request. The contact people are Dr. Elvira Cuevas and

Dr. Solimar Pinto.
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