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Abstract

Canopy cover (CC) is crucial for crop monitoring and model calibration. This study de-
veloped an empirical equation relating NDVI to CC for quinoa under four treatments
with different irrigation and fertilization levels in Morocco’s water-scarce Chichaoua re-
gion. Treatments ranged from optimal (100% irrigation, 100% fertilization) to severe
stress (40% irrigation, 25% fertilization), tested from March to June 2023, showing strong
NDVI-CC correlations (0.77-0.98). Cross-validation identified the best-performing model,
CC (%) = 141.75 x (NDVI) — 30.913, derived from moderate stress conditions. This linear
equation demonstrated good predictive accuracy across all treatments (R* = 0.60-0.96,
RMSE = 8.79-14.99 (% CC), NRMSE = 0.26-0.36, EF = 0.54-0.74, d = 0.77-0.90), providing a
practical tool for estimating quinoa canopy cover in water-limited environments.

Keywords: canopy cover; NDVI; quinoa crop; empirical modeling; crop monitoring

1. Introduction

Quinoa (Chenopodium quinoa Willd), a pseudocereal with a 7000-year history of
domestication in the Andean highlands, has emerged as a key crop for addressing global
food security challenges. Its exceptional nutritional profile and resilience to harsh environ-
mental conditions, particularly drought stress, make it a valuable option for sustainable
agricultural systems [1-3].

Canopy cover (CC) is a critical parameter for characterizing crop growth and is widely
used in crop simulation models such as AquaCrop [4] and SIMDualKc [5]. Calibrating
and validating these models require observed CC data, which are typically labor-intensive
to measure through ground-based methods. NDVI, which can be readily obtained from
satellite imagery, offers a practical and accessible alternative for deriving CC when reliable
empirical relationships are established.
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Numerous empirical equations relating NDVI to CC have been developed for various
crops, including wheat [6], horticultural crops [7], soybean [8], and other agricultural
species. However, crop-specific NDVI-CC relationships are essential due to variations
in canopy architecture, leaf optical properties, and growth patterns. For quinoa, such
empirical equations remain lacking, particularly under varying irrigation and fertilization
stress conditions. This research gap limits the ability to derive observed CC from NDVI for
crop model applications in water-limited agricultural systems.

This study aims to develop an empirical equation relating NDVI to CC specifically for
quinoa crops that can be applied across different irrigation and fertilization stress conditions.
The developed relationship will provide a practical tool for estimating quinoa canopy
cover from NDVI measurements, facilitating crop model applications and contributing to
improved crop monitoring and decision making in water-scarce environments.

2. Materials and Methods
2.1. Study Site and Experimental Design

The field experiment was conducted from 7 March to 20 June 2023, in the semi-arid
Chichaoua region of central Morocco (31°25'36.4” N, 8°39'05.9” W, Figure 1). This area
is characterized by erratic rainfall patterns with annual precipitation below 250 mm and
reference evapotranspiration exceeding 1600 mm per year [9].
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Figure 1. Geographical location of the experimental site and treatment plots, Chichaoua region,
Morocco. Orange polygons indicate the treatment plots (T1, T2, T3, and T4), and the green area on
the map indicates the Marrakech-Tensift-El Haouz region.

Four treatment plots representing different combinations of irrigation and fertilization
levels were established (Table 1), T1 (100% irrigation, 100% fertilization), T2 (80% irrigation,
100% fertilization), T3 (60% irrigation, 25% fertilization), and T4 (40% irrigation, 25% fertil-
ization), with percentages relative to optimal crop requirements. Quinoa was cultivated
in rows spaced 80 cm apart. During the establishment phase (first 45 days after sowing),
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uniform irrigation of 80 mm was applied equally across all treatments through drip irriga-
tion to ensure adequate crop establishment, with no differentiation in irrigation between
treatments during this period. After this establishment period, differentiated irrigation
regimes based on percentage of optimal crop water requirements were implemented, with
an additional 138 mm applied to T1, 120 mm to T2, 88 mm to T3, and 67 mm to T4. Irrigation
events were scheduled at two-day intervals, with application durations adjusted according
to meteorological conditions.

Table 1. Irrigation and fertilization levels, shown as a percentage of the optimum.

T1 T2 T3 T4

Irrigation (%) 100 80 60 40
Fertilization (%) 100 100 25 25
Area (ha) 0.15 0.88 0.24 0.24

Basal NPK fertilization at planting consisted of 250 kg/ha for 100% treatments (T1,
T2) and 62.5 kg/ha for 25% treatments (T3, T4). Additional nitrogen was applied during
critical growth stages at rates of 84.8 kg/ha for 100% fertilization plots and 17.7 kg/ha for
25% fertilization plots.

2.2. NDVI and Canopy Cover Measurements

Hemispherical photographs were acquired using a Canon EOS 600D digital camera
(Canon Inc., Tokyo, Japan) fitted with a Sigma 4.5 mm F2.8 EX DC Circular Fisheye HSM
lens (Sigma Corporation, Kanagawa, Japan), which offered a 180° field of view and a focal
length between 17 and 55 mm. To maintain horizontal stability during image capture, the
camera was positioned on a tripod equipped with a self-leveling mount and circular bubble
level. The lens aperture was set to F22 to ensure appropriate light control [10]. At each
of the 10 sampling dates, six photographs were taken per field: three within the quinoa
crop rows and three in the inter-row spaces. These images were subsequently processed
using a MATLAB (R2023a) algorithm [11] to determine gap fraction and calculate canopy
cover percentage, defined as the fraction of ground surface area covered by the vertical
projection of the plant canopy, expressed in this study as a percentage (%). The Normalized
Difference Vegetation Index (NDVI) was measured directly in the field using a GreenSeeker
handheld optical sensor (Trimble Inc., Westminster, CO, USA). At each of the 10 sampling
dates, six measurements were taken per field: three within the quinoa crop rows and three
in the inter-row spaces. For each sampling date, the NDVI samples taken per treatment
plot were averaged to obtain a single representative NDVI value.

2.3. Data Analysis

Linear and quadratic regression models relating NDVI to CC were developed for
each treatment plot (T1-T4). Cross-validation was performed by applying each plot-
specific equation to predict CC in the remaining three plots. Model performance was
evaluated using the coefficient of determination (R?), root-mean-square error (RMSE,
expressed in the same units as CC—percentage (%)), its normalized value (NRMSE), index
of agreement (d), percent bias (PBIAS) and the Nash-Sutcliffe modeling efficiency (EF).
The most representative equation was identified based on its predictive accuracy across all
treatment conditions.
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The performance metrics were calculated as follows, where Oi and Pi represent the
individual observed and predicted values, respectively; O and P are their means; and 7 is
the sample size.

(£(0i — 0)(Pi — P))?

R? =
%(0i — 0)’%(Pi — P)

1 . )
RMSE = \/nzi_l(Oz — Pi)

rapsp VAT (0~ P’
B 0]

1 (Pi — Oi)*
*, (IPi—P|+|0i-01)*

d=1-

S
_ XiL(Pi-0i)
PBIAS = Sl
* (0~ Pi)
/(0 —0)

% 100
EF=1-

3. Results
3.1. Temporal Evolution of NDVI and Canopy Cover Across Treatments

The temporal dynamics of NDVI and canopy cover throughout the growing season
revealed strong correlations between both parameters, with correlation coefficients of 0.91,
0.98, 0.77, and 0.83 for T1, T2, T3, and T4, respectively (Figure 2). T1 showed the highest
performance, reaching a maximum NDVI of 0.68 at 56 DAS (days after sowing) and a peak
canopy cover of 67.49% at 68 DAS. T2 achieved a maximum NDVI of 0.62 at 56 DAS and a
peak canopy cover of 55% at 47 DAS. T3 exhibited the lowest values with a maximum NDVI
of 0.53 at 47 DAS and a peak canopy cover of 40% at 56 DAS. T4 reached a maximum NDVI
of 0.44 at 47 DAS and a peak canopy cover of 40% at 47 DAS. Across all treatments, both
parameters increased during 26-56 DAS, plateaued during 56-75 DAS, and declined after
75 DAS, with the magnitude and timing of these phases influenced by water and fertilizer
availability. Some discrepancies observed during the establishment phase (first 45 DAS)
between treatments receiving the same irrigation and fertilization conditions, such as T1
vs. T2 and T3 vs. T4, can be attributed to natural inter-plot variability in germination and
early plant establishment inherent to manual sowing, as well as to inherent measurement
uncertainty associated with the limited number of sampling points per plot. The partial
stabilization of CC in T3 following the decline in NDVI after 45 DAS is consistent with the
physiological maintenance of structural leaf area under moderate water stress, as further
discussed in Section 4.

3.2. Development and Validation of Empirical NDVI-Canopy Cover Equations

Given the strong correlations observed between NDVI and canopy cover across all
treatments, both linear and quadratic regression models were developed using data from
each individual treatment plot. To identify the most robust and transferable equation,
each treatment-specific model was cross-validated by applying it to predict CC values
across all four treatment plots. To select the most robust and transferable equation, cross-
validation performance was assessed using six complementary metrics: R?, RMSE, NRMSE,
EF, d, and PBIAS. The average performance of equations derived from each treatment
when applied across all plots are presented in Table 2. The T1-derived equation showed
the weakest overall transferability, with the lowest average R? (0.76), the highest RMSE
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(18.80 (% CC)) and NRMSE (0.65), a negative EF (—1.21) indicating predictions worse
than the observed mean, and the largest systematic bias (PBIAS = —56.26%). The T4-
derived equation performed similarly poorly, with high RMSE (17.68 (% CC)), high NRMSE
(0.49), negative EF (—0.06), and a large PBIAS (29.97%). The T2-derived equation showed
competitive performance with R? = 0.80 and d = 0.83, but its relatively higher RMSE
(12.78 (% CC)), low EF (0.10), and systematic underestimation (PBIAS = —21.15%) indicated
limited consistency across treatments. The T3-derived equation outperformed all others
simultaneously across every metric, R? = 0.80, RMSE = 10.57 (% CC), NRMSE = 0.32,
EF = 0.60, d = 0.84, and PBIAS = 9.86%, confirming its superior generalizability across all
irrigation and fertilization conditions. Moreover, unlike equations derived from T1, T2,
and T4, which produced physically impossible negative CC predictions for early- and
late-season observations with low NDVI values, the T3-derived equation generated no such
unrealistic predictions across the full range of observed NDVI values, further confirming its
physical consistency and practical reliability. Based on the cross-validation results, the linear
model derived from T3 field data was selected as the most representative equation due to its
combination of high R?, lowest RMSE and NRMSE: CC (%) = 141.75 x (NDVI) — 30.913.
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Figure 2. Temporal evolution of NDVI and canopy cover across different irrigation and fertilization
treatments.

Table 2. Average cross-validation performance of treatment-specific NDVI-CC equations across

all plots.
Treatment R2 RMSE (% CC) NRMSE d EF PBIAS
T1 0.76 18.8 0.65 0.75 —-1.21 —56.26
T2 0.8 12.78 0.42 0.83 0.10 —21.15
T3 0.8 10.57 0.32 0.84 0.60 9.86
T4 0.76 17.68 0.49 0.81 —0.06 29.97

3.3. Predictive Performance of the T3 Model Across All Treatments

The performance of the T3-derived linear model (CC = 141.75 x NDVI — 30.913)
when applied to predict canopy cover across T1, T2, and T4 treatment plots is illustrated in
Figure 3. The model demonstrated varying levels of accuracy across different irrigation
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and fertilization regimes. The best prediction accuracy was achieved for T2 (R% = 0.96,
RMSE = 9.63 (% CC), NRMSE = 0.26, EF = 0.74, d = 0.90, PBIAS = 15.22%), indicat-
ing excellent agreement between predicted and observed CC values. For T1, the model
showed good performance (R% = 0.83, RMSE = 15.00 (% CC), NRMSE = 0.34, EF = 0.55,
d = 0.82, PBIAS = 19.73%). The T4 treatment showed moderate performance (R2 = 0.69,
RMSE = 8.90 (% CC), NRMSE = 0.36, EF = 0.54, d = 0.77, PBIAS = 4.49%). Although T4
had the lowest absolute RMSE, this is attributable to its lower mean CC range rather than
better model fit, as confirmed by its higher NRMSE (0.36) compared to T2 (0.26). All three
treatments showed positive EF values, confirming that the T3-derived equation provides
better predictions than simply using the observed mean across all conditions. Overall, the
T3-derived equation demonstrated robust transferability across different water and nutrient
management scenarios, confirming its applicability as a practical tool for estimating quinoa
canopy cover from NDVI measurements under varying stress conditions.
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Figure 3. Observed versus predicted canopy cover using the T3-derived linear model across all

treatment conditions.

4. Discussion

The strong correlations between NDVI and CC across treatments (r = 0.77 to 0.98)
confirm NDVI as a reliable indicator for estimating quinoa canopy cover. The decrease in
correlation coefficients observed under increased water stress (T3 and T4) can be attributed
to increased canopy spatial heterogeneity, greater soil background interference from sparse
vegetation, and altered leaf optical properties under water deficit, all of which introduce
additional variability in the NDVI signal beyond simple canopy cover changes.

The T3-derived equation (CC = 141.75 x NDVI — 30.913) was selected as the most
representative model based on cross-validation results, achieving the highest average R?
(0.80) with the lowest RMSE (10.57 (% CC)) when applied across all plots. Beyond its
superior statistical performance, T3’s robustness can be attributed to the intermediate
stress conditions (60% irrigation, 25% fertilization) under which it was developed. Under
high irrigation and fertilization (T1 and T2), quinoa plants maintain relatively high and
stable canopy cover throughout the season, resulting in limited variation in CC values.
Conversely, under severe stress (T4), plants experience consistently low canopy devel-
opment with restricted growth, also resulting in limited CC variation. In contrast, T3’s
moderate stress conditions allow plants to experience a wider range of canopy cover values
as stress gradually intensifies from early growth to maturity. This broader spectrum of
CC-NDVI combinations captured in the T3 dataset provides a more comprehensive calibra-
tion that better generalizes across different management scenarios, explaining its superior
transferability to other stress conditions.

The moderate NDVI-CC R? observed for T3 (0.59) reflects a partial decoupling between
NDVI and CC under moderate water stress, as irrigation is reduced, photosynthetic activity
declines and NDVI decreases while structural leaf area and thus CC is partially maintained,
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introducing scatter in the regression. Notably, this broader dynamic range of NDVI-CC
combinations captured under T3 conditions is precisely what makes this equation the most
generalizable across all stress conditions.

5. Conclusions

This study successfully developed an empirical linear equation (CC = 141.75 x NDVI
— 30.913) for estimating quinoa canopy cover from NDVI measurements under varying
irrigation and fertilization stress conditions. The equation, derived from moderate stress
conditions (60% irrigation, 25% fertilization), demonstrated robust transferability across all
treatments with good predictive accuracy (R? = 0.80, RMSE = 10.57 (% CC), NRMSE = 0.32,
EF =0.60, d = 0.84, PBIAS = 9.86%). This relationship provides a practical tool for deriving
canopy cover from readily available satellite NDV]I, facilitating crop model calibration and
validation in water-scarce environments. The developed equation contributes to improved
crop monitoring and decision making for sustainable quinoa cultivation in semi-arid
regions. In this study, canopy cover and NDVI were measured using hemispherical pho-
tography and a handheld GreenSeeker sensor, respectively. Future studies could consider
the use of UAVs equipped with multispectral cameras or high-resolution satellite imagery
such as Sentinel-2, which would allow more efficient and spatially continuous acquisition
of NDVI and canopy cover data, providing a scalable approach for crop monitoring across
larger areas.
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