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Abstract: Intensive cultivation of ‘uala (sweet potato) in the Leeward Kohala field system on Hawai’i
Island supported substantial populations of Native Hawaiians prior to its abandonment in the 19th
century. Productivity is influenced by the heterogeneity of the climate and biogeochemical soil
characteristics across the substantial ecological gradient. Agricultural infrastructure and associated
practices were developed to manage crop production eventuating from the variation in inter- and
intra-annual rainfall. Mechanisms of sustaining soil nitrogen (N) are still unclear; however, a
pronounced source of N is soil organic matter decomposition. This study investigated in situ the
effects of indigenous Hawaiian mulching practices against two control treatments on soil moisture
and temperature dynamics to facilitate N mineralization in soil mounds cultivated with ‘uala. Field
experiments were set in two agricultural restoration plots with distinct climatic and soil characteristics.
Data included soil moisture and temperature, soil and plant N, growth and development of ‘uala,
and real-time weather data. Concurrently, N mineralization was also investigated under controlled
conditions. All indigenous mulching treatments were found to significantly increase soil moisture,
regulate temperature variation, and improve N availability compared to control. Differences in soil
properties between treatments translated to significant differences in above-ground biomass. The data
suggest that these differences would extend to tuber production, but the use of a long-gestation variety
limited tuber production in the study. Increased temperatures in the controlled experiments were
observed to increase inorganic N significantly, but less substantially than soil moisture. Indigenous
practices in the region could have greatly mitigated plant stress due to moisture, temperature, and N
availability, increasing productivity and reducing the variability of the Leeward Kohala Field System.

Keywords: mineralization; Hawai’i; indigenous agriculture; Ipomoea batatas; agroecology; traditional
ecological knowledge

1. Introduction

For at least four centuries, commencing in the 1400s, a vast agricultural system oc-
cupied the central elevations of the Leeward Kohala landscape on Hawai’i island and
produced food for populous communities [1]. The ~6500-hectare system, known as the
Leeward Kohala Field System (LKFS) (Figure 1), was a dense network of infrastructure
used for rain-fed cultivation [1–4]. The system spans a broad ecological range—extending
from sea level to ~750 masl and encompassing ~750 to ~2200 mm/y in rainfall—with the
productivity of the systems influenced by rainfall, temperature and soil nutrient levels [5,6].
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Figure 1. Map of the study area, depicting the landscape, the modeled extent of the Leeward Kohala 
Field System, and the ahupua’a of Puanui. 

The dominant crop cultivated in the LKFS was ‘uala (sweet potato; Ipomea batatas), 
likely due to its tolerance to limited moisture conditions [5,7,8] and, arguably, the rela-
tively late introduction of the sweet potato to Hawai’i spurred the expansion of rainfed 
agriculture in these drier, leeward areas [9]. However, land productivity was, and is, gov-
erned by temporal and spatial climatic variability. A critical driver is the intermittent rain-
fall on both intra- and inter-annual timescales that would have limited tuber production 
both directly through water limitation and indirectly through water-mediated nutrient 
availability [5,6,10–12]. To mitigate water limitation, indigenous Hawaiians developed 
place-specific methods to manage soil moisture during cropping seasons [13]. These in-
cluded the use of rock and vegetative mulch, mounds, construction of berms, and estab-
lishment of sugar cane windbreaks/mist traps [3,14,15]. 

Mechanisms of managing and sustaining soil N in Hawaiian dryland agriculture sys-
tems are unclear as weathering of basalt does not supply N [16], there is no confirmation 
of the incorporation of external N input or N-fixing crops [17], and atmospheric deposi-
tion of N is inadequate to sustain intensive cultivation [6]. N mineralization—the conver-
sion of organic N in soil organic matter to inorganic N through microbial decomposition—

Figure 1. Map of the study area, depicting the landscape, the modeled extent of the Leeward Kohala
Field System, and the ahupua’a of Puanui.

The dominant crop cultivated in the LKFS was ‘uala (sweet potato; Ipomea batatas),
likely due to its tolerance to limited moisture conditions [5,7,8] and, arguably, the relatively
late introduction of the sweet potato to Hawai’i spurred the expansion of rainfed agriculture
in these drier, leeward areas [9]. However, land productivity was, and is, governed
by temporal and spatial climatic variability. A critical driver is the intermittent rainfall
on both intra- and inter-annual timescales that would have limited tuber production
both directly through water limitation and indirectly through water-mediated nutrient
availability [5,6,10–12]. To mitigate water limitation, indigenous Hawaiians developed
place-specific methods to manage soil moisture during cropping seasons [13]. These
included the use of rock and vegetative mulch, mounds, construction of berms, and
establishment of sugar cane windbreaks/mist traps [3,14,15].

Mechanisms of managing and sustaining soil N in Hawaiian dryland agriculture
systems are unclear as weathering of basalt does not supply N [16], there is no confirmation
of the incorporation of external N input or N-fixing crops [17], and atmospheric deposition
of N is inadequate to sustain intensive cultivation [6]. N mineralization—the conversion of
organic N in soil organic matter to inorganic N through microbial decomposition—is an
important source for plant-available N [6]. Extracellular proteolytic enzymes of saprophytic
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bacteria and fungi degrade protein to small peptides and amino acids before finally releas-
ing ammonium [18]. A predominant factor of the process is instantaneous soil moisture
status [19–21]. Microbial activity in dry soils is limited by water availability, and the lack
of oxygen in saturated environments results in the increased importance of anaerobic
microorganisms [22]. Soil temperature is also an important driver. Exponential increases in
mineralization rates are observed within a range of temperatures in agricultural soils [23].
Modeling of plant-available N within the Leeward Kohala field system demonstrates that
N can be expected to be eminently variable both spatially and temporally within the
system [6].

Established, long-term research sites within the ahupua’a (traditional land division)
of Puanui have made substantial contributions to documenting and understanding the
outcomes of traditional management practices. Following European arrival in the 19th
century, cultivation of the LKFS was abandoned and largely converted to an open cattle
range. In 2008, three permanent experimental gardens were established within Puanui
spanning the ecological gradient of the LKFS [2,3]. Previous work [2,3,15,17,24] has used a
range of methods to understand and revitalize the ancient cropping system, but affirm that
the understanding of how they functioned as dynamic systems is inadequate.

The effects of indigenous Hawaiian soil moisture conservation practices, and espe-
cially their functions as driven by climatic factors and their outcomes in facilitating N
mineralization, is yet to be explored. Concurrent to soil moisture, soil temperature reg-
ulated under mulching regimes is also a critical factor affecting N mineralization that
has largely been overlooked. This study contributes to the growing knowledge of the
functionality and biogeochemical impacts of traditional cropping methods at Puanui by
investigating soil moisture and nitrogen dynamics under indigenous practices, and their
benefaction to sweet potato production. It is predicted that indigenous practices increase
soil moisture and regulate temperature, leading to an increase in N mineralization rates
and sweet potato growth.

2. Materials and Methods
2.1. Field Experimentation
2.1.1. Site Description

In July 2019, we established replicated field experiments within experimental māla
(gardens) within the ahupua’a of Puanui (Figure 1) managed by Ulu Mau Puanui—a non-
profit organization focused on promoting research, awareness, and education of the cultural
and historical prominence of the LKFS. The sites are located on Andisols from the Hawi
volcanic series with surface flows aged ~150 ky. Three replicated plots were established.
Two adjacent plots were installed in māla mawaena (the middle garden), located 20.150 N,
155.825 W at ~690 m elevation with a mean rainfall of 1476.2 mm/y [25]. The specific
plot locations had been under kikuyu grass (Pennisetum clandestinum) fallow for the past
5 years. Site 1 had been slashed and remains overlaid with a weed mat 2 months prior
to setting the trial. Site 2 was cleared with fallow vegetation removed preceding field set
up. A third plot was established at māla maluna (the upper garden) located at 20.152 N,
155.819 W at ~730 m above sea level with a mean rainfall of 1660.5 mm/y [25]. The site had
been fallowed for eight months prior to establishment, with Zoysia grass being the most
abundant species cleared by uprooting and removing. Measurements for rainfall, solar
radiation, wind speed, air temperature and relative humidity were obtained through Onset
weather stations (Onset Computer Corporation; Bourne, MA, USA) situated within each
garden.

2.1.2. Treatment Design

A randomized complete block design with three replicates was established at each of
the three sites to evaluate three indigenous soil moisture conservation practices relative to
two controls. A fourth block was integrated for destructive sampling in the mid-cropping
season (60 days after planting). Each treatment was allocated to a soil mound 1 m in
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diameter, and separated from its nearest neighbor by 1 m. Treatments included (1) bare
soil; (2) bare soil with irrigation; (3) rock mulch; (4) sugar cane leaf mulch; and (5) rock
mulch over sugar cane mulch (Table 1, Figure 2). For the irrigation treatment, application
rates represented the difference between the optimum and actual weekly rainfall levels
using real-time rainfall data from weather stations in each plot [26]. Within each treatment
mound, the heirloom Hawaiian variety “Lanikeha” was cultivated as a traditional cultivar
preserved within the local community. The 40 cm terminal vine cuttings, collected onsite,
were prepared by removing all leaves, excluding that from the terminal bud. Rooting was
induced under sterile moisture for 3 days. Three slips were planted 10 cm apart and 20 cm
deep in each mound.

Table 1. Summary of treatments applied in the replicated block field experiment.

Management Treatment Mode of Application

Bare Soil No ground cover

Bare Soil with irrigation No ground cover and manual irrigation administered weekly to
meet optimal weekly rainfall for sweet potato production

Rock Mulch 100% ground cover of rock to a depth of ~10 cm (Figure 2a)

Sugarcane Leaf Mulch 100% ground cover using ~3 kg non-senesced leaves (Figure 2b)

Rock/Cane Mulch Sugarcane leaf mulch treatment, covered with Rock Mulch
treatment
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2.1.3. Soil Moisture and Temperature

At Sites 1 and 3, a single block of replicates was instrumented for continuous moni-
toring of soil moisture and temperature. The latter served as a representation of Site 2, as
both locations were adjacent to each other within the same climatic environments. Onset
10HS Soil Moisture Smart Sensors and Onset 12-Bit Temperature Smart Sensor to measure
volumetric soil moisture and soil temperature were installed to a depth of 15cm in the
center of the windward side of each mound. Data were recorded in 30-min intervals on a
Hobo USB Micro Station Data Logger. Bi-weekly evaluations for all blocks were carried out
by inserting probes for one minute in the same location on each mound as outlined above.

2.1.4. Nitrogen Dynamics In Situ

Cumulative inorganic N was evaluated using ion-exchange (IX) resin beads (Rexyn*
I-300 H-OH). In every mound, four nylon pouches of 5.0 g of IX beads were installed at a
depth of 15 cm during mound construction; a single pouch was harvested every 30 days.
Ion-exchange resins were thoroughly rinsed with DI water, shaken in 50 mL of 2M KCl
for two hours, and the filtrate analyzed for inorganic N. Every 30 days, small soil cores
were collected to a depth of 15 cm. Soils were immediately homogenized, sieved to 2 mm,
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and split into subsets. For one subset, 2.5 g of each sample was shaken in 50 mL of 2M
KCl, then filtered and analyzed for inorganic N. A second subset was oven-dried at 45 ◦C,
then pulverized and encapsulated for Total C and N analysis using a Costech EA Carbon
Nitrogen Analyzer.

2.1.5. Sweet Potato Assessment

During plant growth, a SPAD meter was used to measure leaf chlorophyll concentra-
tion on a bi-weekly basis from the 7th, 8th and 9th leaf of the primary vine. Destructive
sampling was conducted to assess total plant growth at 60 days (one replicate) and 120 days
(three replicates) in categories of above ground, root mass, pencil tubers, and storage tuber.
At both 60 and 120 days, three terminal vines were collected from each replicate. Tissue
samples were dried at 45 ◦C to a constant weight, then ground and foil-balled for total
N and C, and the stable isotope ratios for 13C and 15N, analyzed using a PDZ Europa
ANCA-GSL elemental analyzer.

2.2. Incubation Experiment

A 10-week laboratory incubation study was performed using soils collected from the
three sites to estimate N mineralization rates under specified soil moisture and temperature
conditions. In incubation bags, 120 g of soil (dry equivalent) was maintained at specified
soil moistures under different temperatures. A split-plot, randomized complete block
design with 5 replicates was used, testing three temperature levels (20, 26 and 30 ◦C), three
moisture levels (10, 30, and 40% gravimetric soil content), and soils from the three plots.
From the incubation bags, 2.5 g of soil was sampled at 0, 4, and 10 weeks and analyzed for
inorganic nitrogen as described above.

2.3. Data Analysis

RStudio Software (Rstudio, Public Benefit Corporation; Boston, MA, USA) libraries
ggplot2 [27] and tseries [28] were used to analyze autocorrelations for continuous soil mois-
ture and temperature data with a maximum lag of 24 h applied. Relationships between
time-series data of weather variables to soil moisture and temperature were evaluated using
cross-correlation. Linear regression, ANOVA, and fixed effect models were conducted
in JMP Pro 15 (SAS Institute; Cary, NC, USA) to assess individual and interactive effects
of Treatment, Site and Time for various data. Site was treated as a fixed effect as study
interests were specific to the particular soil and climate characteristics. Significant differ-
ences in individual effects were further evaluated using the Tukey HSD Test. Significant
interactions were evaluated using interaction plots. When appropriate, data transformation
was used. Above-ground biomass measurements were initially transformed to near normal
distribution using log 10 transformation, and biomass data were converted to standard z
scores and used to test for differences between Treatments and Sites. The conversion was
necessary for explicit comparison of treatment performance to address the high variation
between sites. To assess the overall influence of N dynamics and water stress on sweet
potato growth, a multivariate regression analysis was applied to all data collected.

3. Results
3.1. Soil Temperature

Diurnal soil temperature patterns demonstrated a high degree of autocorrelation on a
daily cycle, and a high cross-correlation with air temperature. The 24-h sequences of mean
soil temperature demonstrated differentiation in (1) mean soil temperature, (2) the total
range of temperature, and (3) the timing of inflection points (Figure 3; Table 2). Rock mulch
recorded the lowest mean temperatures and the most moderate range, while the control
exhibited the highest mean and largest range. Cross-correlation of air and soil temperature
indicated different temporal lags for the different treatments (Table 2). No other weather
parameter demonstrated a significant cross-correlation with soil temperature.
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Table 2. Mean parameters of core data by treatments across study sites. Where relevant, connecting
letters are used to indicate significant differences as determined by Tukey HSD.

Treatments

Soil Moisture (m3/m3) Control Irrigation Rock Mulch Sugarcane Rock-Cane

Continuous 0.190 e 0.262 a 0.218 c 0.207 d 0.250 b

Fortnight 0.139 b 0.185 a 0.171 a 0.116 b 0.174 a

Soil Temperature (◦C)

Mean 25.0 a 24.3 b 23.2 e 24.0 c 23.6 d

Maximum 35.5 31.3 28.6 27.6 25.0
Soil-Air Lag Time (h) 1.5 5.0 5.5 4.0 4.0
Soil Nitrogen (ppm)

NO3
ss 18.45 a 5.36 b 16.99 a 17.90 a 18.48 a

NH4
ss 7.03 a 1.63 b 2.33 b 5.53 a 3.61 b

NO3
ix 14.01 b 71.67 a 73.83 a 12.98 b 103.94 a

NH4
ix 6.76 8.33 11.18 8.24 10.81

Soil Total C and N

Nitrogen (%) 0.98 0.92 1.02 1.03 1.04
Carbon (%) 10.35 9.81 10.87 10.93 11.03
Sweet Potato Biomass (z-score)

Above Ground −0.17 b 0.96 a 0.12 ab −0.42 b −0.21 b

Pencil Tuber −0.15 ab 0.78 a 0.30 ab −0.71 b −0.06 ab

Storage Tubers 0.16 −0.05 −0.05 −0.03 0.11
Plant Nitrogen

Foliar N (%) 1.63 1.75 1.73 1.82 1.72
Total Plant N (mg/m2) 273.3 500.0 298.3 165.4 232.0
Inorganic N balance (mg/m2) 3.7 19.2 20.3 3.2 27.5
Plant Physiology

SPAD 50.3 a 41.1 b 47.7 a 47.3 ab 49.1 a

δ13C (‰) −27.41 −27.26 −27.55 −27.18 −28.06
δ15N (‰) 4.28 5.69 4.35 4.94 5.34
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3.2. Soil Moisture

Soil moisture patterns were sporadic, with no “seasonal” patterns in the autocorre-
lations. The temporal analysis illustrated exponential decay in soil moisture following
wetting events. Treatment and sites demonstrated significant differences in soil moisture
(Table 2). Soil moisture under the irrigation treatments was observed to be the highest
(0.262 m3 m−3) but followed closely by rock-sugar cane mulch (0.250 m3 m−3). The control
treatment yielded the lowest mean soil moisture measurement (0.190 m3 m−3). Cross-
correlation coefficients of weather parameters were significant but very weak relationships
(r < 0.15); association of climatic variables to soil moisture were stronger (r > 0.3) after
aggregating time as 24-h increments.

3.3. Soil Nitrogen Dynamics

In the field study, nitrate in the soil remained relatively constant over the growing
season and statistically indistinguishable between treatments, with the exception of the
irrigation treatment that demonstrated a significant decline in nitrate concentrations at 90
and 120 days (Figure 4). Exchange resin demonstrated increased capture of nitrate over
time, with the rock mulch, rock-sugar cane mulch, and irrigation treatments accumulat-
ing significantly more nitrate than the sugar cane mulch or control treatments (Table 2).
Ammonium showed accumulation in the soil over time in the control and sugar cane treat-
ments, but depletion in the remaining three treatments, resulting in significant differences
between those two groups (Figure 4). The exchange resins demonstrated increased capture
of ammonium over time, with less pronounced and non-significant differences between
treatments (Table 2).
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The evaluation of N mineralization under controlled conditions indicated significant
differences between temperature, moisture, and site (Table 3). Rates of nitrate accumulation
significantly increased with increased moisture (r2 0.265, p < 0.001), while nitrate increased
much more moderately with increased temperature (r2 0.065, p < 0.005). Changes in
ammonium were generally small and insignificant, with the only exception being the 10%
soil moisture treatment that demonstrated a significant accumulation of ammonium during
the incubation period (Table 3).

Table 3. Results of controlled N mineralization incubation. Vales are in ppm N per week, with
connecting letters resulting from Tukey HSD test.

NO3-N NH4-N Inorganic N

M
oi

st
ur

e 10 0.34 c 0.20 a 0.55 a

30 0.41 b 0.02 b 0.43 b

40 0.47 a 0.00 b 0.47 ab

Te
m

pe
ra

tu
re

20 0.25 c 0.04 a 0.30 c

26 0.30 b 0.04 a 0.30 c

30 0.45 a 0.08 a 0.53 a

Si
te

1 0.78 a 0.07 a 0.85 a

2 0.06 c 0.00 a 0.06 c

3 0.16 b 0.09 a 0.24 b

3.4. Sweet Potato Growth and Development

Due to lower statistical power, minimal statistical differences in sweet potato pro-
duction were detected (Table 2). The irrigation treatment produced the greatest biomass,
though it was not significantly different than biomass under rock mulch. There were no
differences observed between treatments for storage tuber yields (p > 0.05), and minimal
differences were detected in pencil tubers. A significant linear relationship between the
above-ground biomass and pencil tubers (p < 0.0001, r = 0.55), and between storage tuber
production and pencil tuber production (r = 0.30) suggests that the significant differences in
above ground biomass may have eventually translated to differences in tuber production.
Regression analysis of plant N concentrations and production of above-ground biomass
indicated a moderate and positive relationship (r = 0.61, p = 0.02). The linear relationship
between 13C stable isotope and above-ground biomass showed a significant positive associ-
ation (p < 0.001, r2 = 0.216). A fixed model effects analysis showed no significant effects of
experimental treatments on plant N concentrations nor foliar 13C.

4. Discussion

Indigenous practices, such as rock mulch, have a substantial effect on soil moisture and
temperature that further affect nitrogen dynamics and production in agricultural systems.
Such practices were employed broadly across various ecosystems to increase production
and resilience in ancient agriculture. The specific primary and secondary effects of these
treatments have rarely been investigated and are dependent on the specific limitations of
each habitat. We examined the direct effects of mulching practices on soil temperature and
moisture, along with the secondary effects of nitrogen availability.

The productivity of the Puanui dryland field system is highly dependent on the vari-
able rainfall. Measured rainfall during the trial was 40% less than expected for an average
year [25]. Irrigation was observed to enhance the production of above-ground biomass, but
comparable increases were observed from mulching with rock. Although sweet potato is
generally drought tolerant, water stress still results in growth reduction [26,29–31]. Low
production in the remaining treatments indicated inadequacy to conserve soil moisture.
Within our experiment, administering scheduled irrigation allowed for increased soil mois-
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ture in the absence of rainfall, however, temporal patterns demonstrated that the effects of
irrigation on soil moisture declined rapidly after application, and between weekly applica-
tions of irrigation, soil moisture would drop below levels of other treatments that preserved
soil moisture more effectively. Although rainfall was perceived as the primary driver of soil
moisture through longer time scales; alternate weather variables, such as wind speed and
humidity, were influential on the dynamics [32], hence comparable correlations relative to
rainfall were distinct.

The Indigenous practice of rock mulching was able to conserve more soil moisture
than under sugar cane mulch. We believe that, under the sugar cane mulch, the percolation
of moisture from precipitation is impeded from reaching the soil surface, in particular the
light-misty precipitation that is characteristic of the study location [15]. Conversely, the
non-porous rock mulch both captured the light mist by providing an accretion surface and
allowed that deposited moisture to efficiently reach the soil.

Though increases in soil moisture generally enhance N mineralization, anaerobic con-
ditions can limit soil carbon mineralization through energetic and enzymatic constraints on
microbial activity, even under short durations (hours-days) [33–35]. Volcanic soils generally
have a high water-holding capacity that can contribute to reduced C respiration [34,36,37].
Reduced decomposition of organic matter consequently hinders N mineralization and
available plant N. Low measures of inorganic N under the irrigation treatment may be a re-
sult of suppressed C mineralization due to excessive moisture supplement applications [34].
Alternatively, the low measures may have been caused by increased transport and leeching
of inorganic N.

An increase in temperatures tends to enhance net mineralized N due to increased
microbial activity [38]—a trend observed in our ex situ incubation experiment conducted
with local soils. Microbial activity for N mineralization is potentially reduced under the
mulch treatments, which generally reduced temperature below the optimum tempera-
tures 35 ◦C [39,40]. However, the diurnal patterns must also be considered as treatments
with lower daytime temperatures typically exhibited increased nighttime temperatures,
potentially increasing nocturnal microbial activity.

Different mulch types alter soil temperature in different ways and can be associated
with the thermophysical properties of these materials [41]. Low thermal conductivity
and high specific heat capacity of basalt (0.84 kJ kg−1 ◦C) [42] function as a more ef-
ficient thermal insulator compared to dry leaves, with a higher specific heat capacity
(1.17–5.17 kJ kg−1 ◦C) [43]. Interactive effects between soil moisture and temperature can
be seen in that the irrigation treatment results show a slightly lower average tempera-
ture compared to the control due to water absorbing and regulating heat (specific heat at
15 ◦C–4.187 kJ kg−1 ◦C), suggesting feedback mechanisms of mulch regulating soil temper-
ature directly through heat absorption and indirectly by altering soil moisture.

Treatments exhibiting the highest measures of cumulative inorganic N were appreci-
ated to be the same treatments measuring high soil moisture content. Movement of NO3

−

through soil is controlled by convection flow with moving soil solution, as well as diffusion
within the soil solution; suggesting improved soil moisture facilitated infiltration of the soil
solution through the resin pouches [44]. Limiting soil moisture conditions under the control
and sugar cane mulch likely inhibited both mineralization of organic N and restricted mass
flow of inorganic N, consequently hindering the potential amassing of inorganic N ions.
In contrast, measures of inorganic N evaluated from sampling soil are governed by the N
cycle and include processes of ammonification, immobilization, nitrification, adsorption,
volatilization, denitrification and leaching loss, other than mineralization [45].

Asserting that soil productivity to be high in regions of intermediate rainfall [16,46–48],
measures of instantaneous inorganic soil N in the middle māla were higher than the upper
māla. However, it is possible enhanced convectional flow in upper māla, resulting from
improved rainfall conditions, resulted in similar measures of cumulative inorganic soil N
to the middle māla. Despite distinct variation of measures of inorganic N, total plant N was
comparable between treatments and sites, potentially due to the low statistical power of the
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analysis. However, appreciating the low input farming system and environmental factors,
the crop’s efficiency to use N can be enhanced through strategized nutrient management.
A strong, positive correlation between cumulative inorganic N to SPAD measurements
indicates that plant productivity can be improved through increasing N availability [49].
Understanding crop nutrient needs, N rates and sources, placement methods, the timing of
application, irrigation management, and residue management can affect N uptake and its
efficiency of use.

Mean tuber production across all mulching treatments was observed to be ~250 g m2.
Previous experimental harvests using similar mulching treatments in consistent locations
and planting dates had produced ~62.9% more [3]. Though high aboveground biomass
production under the irrigation and rock mulch treatment should have translated to ele-
vated tuber production, there was a lack of yield difference in the storage tubers compared
to other treatments. Timing and frequency of moisture application are critical to sweet
potato tuberization. Tuber development is encouraged by two mm of water per day and the
maintenance of available soil moisture at 25% during the early parts of the growing season;
available soil moisture exceeding 50% though does not encourage tuber production [50,51].
Increased pencil root development is a result of deficit soil moisture during the first 2 weeks
of planting, during which time the development of the number of storage roots is highly
influenced by soil moisture [52,53]. Low storage tuber yields and excessive pencil tubers
across sites were also indicative of water stress across all sites and treatments. While
unsuccessful in substantial tuberization, the results suggest that the differences in moisture
and nitrogen would have translated to production if given more time for gestation.

Plant response to environmental stress, particularly heat and drought, can be reflected
in carbon composition [54]. Variations in 13C stable isotope can concede response of
plants to local environmental conditions [55,56], with moisture stress tending to decrease
δ13C abundance [57,58]. We saw decreased biomass with decreasing δ13C, suggesting
that moisture was directly limiting the growth within the study system. Despite total
rainfall measuring 21.0 mm and 61.8 mm in the first 30 days of the middle and upper māla
respectively, ~88.0% of these days had less than 2 mm of precipitation.

Agronomic characteristics of the lanikeha variety may have contributed to the excep-
tionally low yield. It is a late-maturity cultivar, harvestable at 8 months. Tuber bulking
(>21 weeks) increases during the middle or towards the end of the growing cycle; though fa-
vorable agroclimatic conditions produce high yields in the early periods [51]. Hence, tuber
bulking patterns can be highly influenced by genotype by environment interaction [59]. The
crop was however harvested at 5 months, as this was admissible time to conduct the field
research and avoid crop loss to rats, pheasants and feral pigs. Additionally, above-ground
biomass production of the lanikeha variety is characterized to be extensive and rampant
(K. Marshall, personal communication, 1 July 2019), and produces profusely pencil and
fibrous roots. Though the source-sink relationships of the Hawaiian heirloom sweet potato
varieties have not been researched, high above-ground biomass production in sweet potato
can occur at the expense of storage root development, and can even be a desirable trait in
cultures that eat the young foliage as cooked greens.

5. Conclusions

Traditional moisture conservation techniques are shown to have the potential to en-
hance soil moisture, regulate temperature and increase soil N availability. Regardless
of soil management practices, interaction responses between sites and treatments affirm
the productivity of Puanui to be immensely influenced by temporal and spatial climatic
variability with intermittent rainfall, which supports previous research. The variable effect
of different practices as they interact with the weather (which varies in both space and time)
suggests that any maximization process would involve adaptive practices rather than a
prescriptive approach. The differences across sites are substantial, and any consideration of
the potential productivity of these ancient Hawaiian rainfed systems would do well to take
a spatially explicit approach, as blanket assumptions about yields, labor, and other agricul-
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tural inputs are highly dependent on the specific site. The traditional systematic approach
of sustaining crop production presents an avenue to reshaping Hawaiian conventional
farming practices to accommodate environmental variability. An economic evaluation
under the settings of an enterprise can determine the complexity of the cropping system as
well as the commercial sustainability of indigenous practices in a changing environment.
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