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Abstract

In recent years, the use of warm-season species, which are species requiring less water, has
been pursued in continental areas, but their dormancy and spring green-up need to be
properly defined. In urban green areas, we find that small-scale microclimatic differences,
while less intense than classical urban–rural gradients, still influence vegetation perfor-
mance and spring green-up. This study examines the impact of microclimatic temperature
variation on the spring green-up of different cool-season and warm-season turfgrasses in
the continental climate of Madrid, Spain. The evaluation of colour change during the spring
green-up process has been conducted using different vegetation indices, and mathematical
models for correlating temperature with the indices’ values have been obtained. The results
indicate that with average temperatures varying by about 1.3 ◦C and 0.9 ◦C in January and
February, respectively, there have been marked differences in spring green-up, especially
in cool-season turfgrasses, of almost one month. In contrast, differences in warm-season
turfgrasses were reduced. Among the four vegetation indices, Canopeo has proved to be
the best for detecting the early stages of spring green-up, with R2 values ranging from
0.43 to 0.92. Meanwhile, the tailored greenness index for turfgrass was the most effective
for determining the moment at which warm-season grasses achieve the colouration of
cool-season grasses, with R2 ranging from 0.79 to 0.85. Finally, the green leaf index was
particularly valuable for identifying differences among species and sectors throughout the
entire spring green-up process. Models based on this index achieve high R2 values (0.57 to
0.94), but these models predict the moment at which warm-season grasses achieve cool-
season grasses’ colouration later than it actually occurs. Understanding how turfgrasses
respond to these localised microclimatic conditions is essential for selecting resilient species
and improving maintenance strategies in parks, sports areas, and other components of
urban green infrastructure.

Keywords: cool-season turfgrasses; warm-season turfgrasses; mathematical model; vegeta-
tion index; GLI; Canopeo; green infrastructure

1. Introduction
Turfgrass is one of the most common surfaces in urban green areas. It provides not

only aesthetic value, which can be achieved with artificial turf, but also environmental
services, such as carbon sequestration and temperature decrease [1,2]. Compared with
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more natural alternatives such as native prairies, turfgrass has a greater potential to reduce
water runoff. Additionally, it is an irreplaceable surface for recreational sports and outdoor
activities [3,4]. Nevertheless, it requires a high amount of water input for these benefits to be
provided [2,4], and its periodic mowing requires fuel consumption and labour, making turf
maintenance more expensive than other green infrastructure typologies [5]. Furthermore,
climate change is leading to fluctuations in temperature and precipitation that will result
in a greater need to save water in the management of turfgrasses [6]. Moreover, urban
small-scale microclimatic thermal differences can clearly affect phenological development
and plant requirements in green areas. In this scenario, the selection of more water-efficient
species is one possible solution [7].

Turfgrass species can be classified according to their photosynthetic pathway during
the cool season, as C3, and the warm season, as C4. C4 species present different leaf
hydraulics, with rapid stomatal closure that allows for a reduced loss of water during
transpiration, making them more water-efficient [8–10] and more tolerant towards irrigation
deficit [11]. C4 species thrive at higher temperatures than C3 species, which means they
are adapted to warm environments with mild winters [12]. Additionally, spring green-up
differs between species groups, typically occurring earlier in C3 than C4 species, and local
temperature variations may delay or advance this process. During cold winters, C4 species
enter dormancy and lose their pigmentation [13]. Once the temperature starts increasing,
C4 species initiate their spring green-up processes, which differ among species. As a
result, cool-season species are widely used at present [14]. Nonetheless, considering that
winters are becoming milder in southern European regions [15,16], the dormancy period
for warm-season turfgrasses in these places might decrease in the future [17]. In order
to predict when and how future lawns might react to this advantage, the relationship
between the end of spring green-up or the greenness of turfgrass and temperature must
be modelled. Apart from global temperature changes, microclimatic variations due to
surrounding architecture, particularly important in urban green areas, must be taken into
account. Together, these factors highlight the complexity of spring green-up dynamics,
particularly in urban environments, which are being influenced by both climate trends
and small-scale microclimatic conditions. Although some studies have observed that tree
species exhibit earlier green-up and flowering near urban areas [18,19], the combined effect
of small-scale microclimatic conditions and species-specific responses on turfgrass spring
green-up remains poorly understood.

To monitor plant behaviour and the visual aspect of the turfgrass, vegetation indices
are useful, objective tools for measuring aesthetic value. The use of spectrophotometry
can go as far as showing differences between turf cultivars within the same species [20].
The Normalised Difference Vegetation Index (NDVI), Green Area, Greener Area, and
RGB vegetation indexes are used to determine turfgrass behaviour under water-stress
conditions [21–23]. The NDVI can also be used to assess visual quality [22,23]. Other
indices that have been used to measure water and nutrient stress are the Water Band
Index (WBI), simple Ratio Vegetation Index (RVI) or Green-to-red Ratio Index (GRI) [24].
Among these indices, those relying on RGB data are the easiest to use due to the absence of
specialised equipment.

The environmental conditions that affect spring green-up represent a vast area of
study across different species. Increased precipitation in a semi-arid climate might have
a stronger effect too [25]. Higher temperatures result in earlier green-up dates [26]. Yet it
has been observed that, in warmer climates, photoperiod control has a bigger impact on
the hastening of spring green-up date than temperature [17]. Regarding turf management,
De Luca & Gómez de Barreda [27] measured, using the NDVI and the green area percent-
age, the effect of an amino acid-based biostimulant on hastening spring green-up. Çakir
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et al. [28] measured shoot density using a visual scale and manual counting, and found
that nitrogen application maintains green coverage of zoysia grass during winter and fall
in a subtropical climate. Latitude is also a factor to consider. Fu et al. [29] observed a mean
difference of 47 days per degree of latitude required for spring green-up between 35◦ N
and 70◦ N in Eurasian grasslands. Magni et al. [30] studied different varieties of C. dactylon
at two locations with different latitudes in Italy and found that species at lower latitudes
had earlier spring green-up.

In urban areas, the most studied microclimatic temperature differences are those
associated with the Urban Heat Island (UHI). The UHI is part of the rural–urban differences
and can be considered a high-scale microclimatic effect [31]. Several authors have pointed
out the impact of vegetation canopy on reducing the severity of the UHI [32,33]. Moreover,
Zipper et al. [34] demonstrated the effect of the UHI on advancing plant phenology and
the growing season by up to 5 days in Madison. In their study, they used remote sensing
data, including different ground covers across different tree and grass species, and HOBO
U23 Pro v2 temperature/RH sensors. The authors differentiated three regions in the study:
rural, park, and urban. Meanwhile, Meng et al. [35] studied the advancement of the start
of the season due to temperature along 85 large rivers in the United States. The authors
identified the impact of the UHI on advancing the start of the season by 6 days in cities
compared to rural areas. The authors used remote sensing data, and their results are not
focused on the impact of the UI on a particular species.

Nevertheless, intra-urban temperature differences, also known as small-scale micro-
climatic effects, are another important difference and are less reported. Recent studies
demonstrated intra-urban microclimatic differences ranging from −1.1 to 1.3 ◦C [36]. These
small-scale differences are often caused by local factors such as radiation exposure, sur-
rounding structures, surrounding materials, vegetation configuration, and wind sheltering,
among others. These differences can have a considerable impact on green areas and should
be considered in their design and maintenance. The effect of small-scale differences on
plant phenology is less studied, as the approaches used in UHI studies on plant phenology,
mainly relying on remote sensing data [37], are not applicable at this scale. Moreover, even
in UHI studies, the use of remote sensing data prevents a detailed study of this impact in
a particular species, such as turfgrass. For these studies, proximal sensing is required as
an on-site monitoring technology for temperature data acquisition. As far as we are con-
cerned, the effect of small-scale microclimatic temperature differences—therefore allowing
temperature effects to be isolated from photoperiod—has not been explicitly addressed for
turfgrass spring green-up in continental regions.

The aim of this paper is to assess the impact of small-scale microclimatic thermal
differences on the spring green-up of different turfgrass species. Here, microclimatic
temperature differences refer to horizontal, small-scale thermal variability, caused by
local exposure and sheltering conditions, rather than vertical gradients or regional urban–
rural temperature contrasts. These microclimatic horizontal differences have been studied
in a region of the peri-urban area of Madrid. Spring green-up will be evaluated using
different vegetation indices derived from RGB data. Accumulated temperature in the three
microclimatic zones is measured with deployed temperature sensors. Data from vegetation
indices are statistically analysed, and models for predicting the end of spring green-up are
compared. The main contribution of this paper is to determine the thermal accumulation at
which each warm-season species reached greenness values comparable to those of cool-
season species. Moreover, this paper examines the selection of the most suitable vegetation
index to assess turfgrass greenness. Therefore, the present study is primarily framed within
the field of urban climate science, focusing on small-scale microclimatic thermal variability
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within urban green spaces and its functional implications for managed vegetation relevant
to urban green area management.

2. Materials and Methods
2.1. Location Description

The tests were conducted in the experimental fields of the Escuela Técnica Superior de
Ingeniería Agronómica, Alimentaria y de Biosistemas from the Universidad Politécnica
de Madrid. These experimental fields are located in the western part of Madrid. Besides
the climate, this location is characterised by its proximity to the Manzanares River and
to one of Madrid’s main roads, which provide a typical peri-urban environment. The
soil characteristics, as shown in Table 1, indicate that the soil is a loamy sand, comprising
approximately 74% sand, 18.6% silt, and 7.2% clay. These percentages ensure excellent
drainage properties and indicate the need for relatively high-frequency irrigation. The soil
is slightly alkaline with a pH of 7.54 and a low electrical conductivity of 113 µS/cm, both of
which support optimal turfgrass development. Regarding the nutrient levels, the obtained
values show moderate concentrations of sodium (85 ppm) and potassium (80 ppm), while
calcium is relatively low at 40 ppm. Although the Na+ concentration is relatively high, it
does not exceed the range considered healthy for soil. Meanwhile, the content of NO3

−,
170 ppm, suggests good nitrogen availability for turfgrass growth.

Table 1. Main soil parameters.

Parameter Value

Na+ (ppm) 85
K+ (ppm) 80
Ca+ (ppm) 40

NO3
− (ppm) 170
pH 7.54

Conductivity (µS/cm) 113
Clay (%) 7.2
Silt (%) 18.6

Sand (%) 74.2

Regarding the climate, more information will be provided in Section 3 based on the
mean local data gathered by on-site sensors. Regardless, some non-temperature-related
climatic information from a nearby station is provided to characterise the climate during
the studied period. This weather station, located less than 1 km from the studied area, was
used solely to characterise background meteorological conditions during the experimental
period and was not intended to represent plot-level microclimatic conditions. The region in
which the test was conducted is characterised by a Mediterranean climate and is classified
as USDA Hardiness Zone 9. The test was carried out during a particularly rainy season.
January had 23 cloudy days and 15 rainy days. Meanwhile, February had 16 cloudy days
and 5 days of rain, each lasting only a short time. Rain was recorded on more than 21 days
in March, with only 4 days without clouds. These clouds remained present in April, with
only 5 days of clear sky. Nonetheless, rainfall intensity decreased with precipitation over
15 days. In May, conditions changed, with a few rainy days of short duration and only
18 cloudy days.

Regarding potential advective effects among plots, the area’s boundary conditions
are homogeneous. Even though this effect cannot be fully excluded, it is considered sec-
ondary to a low wall that locally modifies surface airflow by reducing wind speed and,
consequently, convective heat transfer in the turfgrass area, thereby driving the observed
temperature gradient. This wall is located in the northern part of the plots, providing shel-
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ter from the dominant winter wind from the northwest, as shown in Figure 1. Additionally,
Figure 1a,b contain other relevant information about the surroundings of the trial, while
Figure 1c provides a detailed view of the existing tree canopy and buildings. As can be seen,
the experimental plots are located in an open area with a high sky view factor. Surrounding
buildings and tree canopy cast a homogenous shade over the plots, with limited shade at
the beginning of the morning. Seasonal shading patterns were more pronounced during
winter months and progressively diminished towards spring.

 

Figure 1. The surroundings of the trial area: (a) the orthophotography of the area, (b) a terrain
elevation model of the area, and (c) a detailed map with tree canopy, buildings and walls.

2.2. Plant Material and Experimental Design

The used plant material includes two warm-season, or C4, species, which are compared
with cool-season, or C3, grasses. While the C4 species are grown as a monoculture, the C3
grasses are grown as a grass mixture including three different species. A total of two C4
and three C3 species are selected for the test. The species used in the different mixes are
shown in Table 2. It should be noted that the selected C3 species are the mix generally used
for green areas in Spain.

Table 2. Used species in mixture and monoculture plots.

Class Species Cultivar Percentage

C3 mix
Festuca arundinacea Schreb ESTRENA 60%
Poa pratensis L. SAONA 10%
Lolium perenne L. CT7 30%

C3/C4 mix
Cynodon dactylon × Cynodon transvaalensis Texoma (OKC1876) 100%
Festuca arundinacea Schreb ESTRENA Overseed 40 g/m2 with 70%
Lolium perenne L. CT7 Overseed 40 g/m2 with 30%

C4 (I) Zoysia matrella Merr. Zorro 100%

C4 (II) Cynodon dactylon × Cynodon transvaalensis Texoma (OKC1876) 100%
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From each of these combinations, 9 plots of 2 × 2 m were established. These 9 plots
were distributed in 3 blocks characterised by small microclimatic differences. Each one
of the blocks consists of 12 plots. A randomised process determined the exact location
of each species. The disposal of turfgrass species along the blocks or sectors can be seen
in Figure 2a, as well as their specific location regarding Madrid city (b) and the Iberian
Peninsula (c).

Figure 2. Design of trial (a) and its location at municipal (b) and national (c) scale.

2.3. Evaluation of Microclimatic Differences

To assess the differences between blocks, or sectors, due to microclimatic conditions,
sensors were installed in the fields. One temperature sensor (Plantae®, Madrid, Spain) was
located in the central plot of each block. The sensors gather data hourly and send them to a
web server. The temperature sensor was located at 5 cm from the turfgrass canopy or 10 cm
from the soil surface; thus, the measured temperatures correspond to the temperature of the
air that surrounds the turfgrass leaves. Contact temperature sensors were used to reduce
potential biases associated with radiative effects and micro-shadowing.

Accumulated temperature of the turfgrass was estimated as Growing Degree Days
with a base temperature of 0 ◦C (GDD0), calculated via Equation (1), where Tmax is the
maximum daily temperature and Tmin is the minimum daily temperature. We have set
Tbase = 0 ◦C due to the different species included in the models and the absence of a reliable
base temperature for the triggering of spring green-up. Negative daily values were set to
zero prior to accumulation. Daily GDD0 values were accumulated from 1 January 2024
until each image acquisition date.

GDD0 =

(
Tmax + Tmin

2

)
− Tbase (1)

In addition to continuous block-level temperature monitoring with the aforementioned
sensors, occasional measurements of canopy and soil temperatures were collected across
plots for calibration. These measurements were conducted from 28 February to 22 May at
five different times. Moreover, soil moisture (FieldScout TDR 350, Spectrum Technologies,
Inc., Aurora, IL, USA) and NDVI (Greenseeker Handheld, Trimble Inc., Westminster, CO,
USA) data were collected at different times throughout the trial.
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2.4. Study Period and Image Acquisition Process

The turfgrass was established on 20 November 2024 and was managed equally
throughout the entire period in terms of irrigation, fertilisation, and mowing, with the sole
differences among blocks being microclimatic conditions. The image acquisition process
began on 1 February 2025, the moment at which the first signs of spring green-up were
detected in the C3/C4 mix. The process was completed on 20 May 2025, the moment when
all plots had finished the spring green-up process, as assessed by the visual quality of the
turfgrass in all included plots. The time lapse between images was variable and adjusted to
visually observed differences. At the beginning of the process, in February and March, the
images were taken every two weeks. Nonetheless, once the spring green-up accelerated
due to the climatic conditions, images were captured approximately once a week from
April. Images were captured on 13 different days during the experiment, corresponding to
Day of the Year (DoY) 31, 45, 59, 73, 87, 94, 101, 112, 118, 125, 132, 139 and 155.

Regarding the image acquisition process, in order to avoid illumination differences
and interferences among blocks, pictures were taken of the 12 plots of each block. Three
images, one per block, were captured at the same moment with barely any light differences
among them. The images were captured with a Xiaomi M2007J3SG digital camera (Xiaomi,
Beijing, China). The dimensions of the images were 5760 × 2592 with a bit resolution of
24. The settings were manually adjusted to the following: exposure time of 1/605s, ISO
velocity of 50, focal distance of 7 mm, and aperture maximum of 1.51.

The exact point at which images were captured was marked, and the pictures were
taken from the same location at a height of 145 to 150 mm during the entire period. Images
were gathered approximately at the same hour; nevertheless, light conditions between
different days were variable. These differences are particularly important at the beginning
of the dataset since there was a long period with continuous cloud coverage from February
to April. An example of one of the gathered images can be seen in Figure 3.

 

Figure 3. Example of gathered image.

2.5. Image Processing and Index Selection

Since each image contains the 12 individual plots, images were manually cropped to
obtain 12 subimages from each picture, each containing a single plot. These images were
tagged with the ID of each plot. Given the plots’ different locations, the individual images
vary in size, ranging from 370 × 56 to 492 × 140. A total of 432 subimages were obtained
after initial image processing.

After preprocessing, the images were processed using Matlab R2025 software [38].
First, histograms were obtained for each subimage. Then, these histograms were normalised
because the total number of pixels differed across subimages. After normalising the
previously proposed histograms, the indices described in [39] were applied. These indices
use two ranges of the histogram to estimate the greenness and the homogeneity of the
turfgrass. The ranges of the histogram were manually adjusted according to the obtained
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subimages. The green range was defined as brightness green values from 60 to 154, while
the yellow range was set from 160 to 185. With these two ranges, Equations (2) and (3) were
applied to obtain the indices:

Greeness = ∑(pixels G60–154)

∑(pixels G0–255)
(2)

Homogenity =
∑(pixels G60–154)− ∑(pixels G160–185)

∑(pixels G60–154) + ∑(pixels G160–185)
(3)

Meanwhile, two well-known indices were also applied. The selected indices include
the Canopeo, obtained according to the equations described in [40], and the Green Leaf
Index (GLI) according to the description in [41]. The equation of the GLI can be seen in
(4), while the equations for determining whether a pixel is vegetation or not, according
to Canopeo, are presented in (5)–(7). Equations (5)–(7) are applied to every pixel, and
only if all three equations are true is the pixel considered vegetation. The final metric
is the percentage of pixels considered vegetation. Meanwhile, the GLI is calculated for
every pixel, and then an average value is provided. While greenness and homogeneity are
applied as an index for the entire subimage based on the histogram values, the GLI and
Canopeo are applied pixel by pixel.

GLI =
2 × G − B − R
2 × G + B + R

(4)

R
G

> 0.95 (5)

B
G

> 0.95 (6)

2 × G − R − B > 20 (7)

It should be noted that RGB imagery under natural field conditions suggests that
variations in illumination (e.g., shadows and changing light conditions) may influence the
resulting vegetation indices, as stated in the literature [42]. Although no formal radiometric
correction was applied, images were acquired at the same time of day and from the same
position under non-extreme weather conditions. Moreover, two of the indices used, the
GLI and Canopeo, are robust to moderate changes in illumination and outperform other
RGB-based indices [43,44].

2.6. Statistical Information

Once all the values for the indices were obtained, the data were statistically analysed
using Stagraphics 18 software [45]. First of all, we evaluated the differences in indices
by means of a multifactorial ANOVA. Initially, the ANOVA model was configured with
interaction order 1, which in Statgraphics includes only main effects, using as factors mix
(C3, C3/C4, C4(I) or C4(II)) and microclimatic zone (or block). Multifactorial ANOVAs
were conducted for each date to assess the potential of the used indices to differentiate
among turfgrasses from different species and sectors on the same date. Then, the model
was adjusted to an interaction order of 2 to include two-way interactions (SP × Sector, SP
× Date, Sector × Day of the year (DOY)). In both cases, Least Significant Difference (LSD)
was used to find which specific group means differ from others.

After evaluating the indices using multifactorial ANOVAs, regression models were
calculated to relate each index to the thermal accumulation, as defined in Section 2.3.
Only simple models were used. Indices were calculated for each turfgrass mix. For each
index, the same model type (Linear, Exponential, Logarithmic, etc.) was used to maintain
consistency across the models obtained for the included turfgrass mixes. Thus, only the a
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and b factors vary across the equations obtained for each index. The varied plant physiology
of the included species can thus explain the variation in a and b. The obtained models for
each index are compared to assess the moment at which the C4 and the C3/C4 mix reach
the score of C3 turfgrass or reach its maximum value, indicating the end of spring green-up.
Thus, it would be possible to assess the accumulated temperature required by each species
to finish the spring green-up process.

3. Results
3.1. Differences in Temperature of Plots over Time

In this subsection, we describe the microclimatic differences in plots over the experi-
ment. In Figure 4, we present the thermal accumulation starting from January. The three
zones present differences in accumulated temperature, which vary throughout the study
period. During the coldest months, Zone 1 is has the highest temperature. A low wall
(about 60 cm high) creates a microclimate by serving as a windbreak, reducing the impact
of cold mountain winds. Despite its small height, it creates a sheltered zone that protects
low vegetation and mitigates wind chill. Differences between the three zones are minimal.

0

200

400

600

800

1000

1200

1400

1600

1800

2000

GD
D 0

(°
C)

Date (DD/MM/YYYY)

Sector 1 Sector 2 Sector 3

Figure 4. Accumulated temperature as GGD0 in each sector.

Additionally, Table 3 presents the maximum (Max) and minimum (Min) temperatures
recorded in each sector for each month. Moreover, the averaged temperature (Avg), i.e., the
mean hourly temperature for each sector and month, is included. Finally, the percentage of
time for which each sector was below 5 (% < 5), 0 (% < 0) and −5 (% < −5) ◦C has been
outlined in this table. It is evident that major differences among plots occur in January and
February. If we consider Sector 2, the central one, as the reference, the monthly average
temperature variation ranged from +0.93 ◦C to −0.51 ◦C from January to February, while
the maximum daily average temperature variation reached +2 ◦C to −3 ◦C. This variation
in temperature range falls within the microclimatic variation reported by Kousis et al. [36].

The data collected with handheld devices to measure soil and canopy temperatures
were consistent with the continuous monitoring results. Canopy temperatures differed
significantly among blocks, with p-values ranging from 0.0075 to <0.0001. Temperatures
were consistently higher in Sector 1, with canopy temperatures ranging from 2.75 to 3.5 ◦C
above those observed in the coolest sector. Soil temperature measurements confirmed these
differences, with p-values < 0.0001 and observed temperature differences ranging from 1.2
to 4.7 ◦C between the warmest and coolest sectors.

Regarding soil moisture measurements, the data indicated significant differences
among plots (p-values from 0.0017 to 0.0027), with higher soil moisture in Sector 3 and
lower values in Sector 1. Nevertheless, the observed differences in soil moisture were
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relatively small (ranging from 2% to 4%). These differences may be associated with local
microclimatic conditions, including variations in canopy and soil temperatures, which may
influence soil water evaporation. Finally, independent NDVI measurements confirmed
a significant effect of sector (p < 0.01 in all cases), supporting the presence of consistent
thermal variability across blocks and its association with spring green-up patterns.

Table 3. Additional climatic information on different sectors.

Month January February March April May

Sector 3

Avg 3.92 5.62 7.58 13.15 17.32
Min −11 −7 −5 −1 2
Max 22 27 28 33 41
% < 5 46.6 53 32.3 10.1 2.3
% < 0 21.9 29.5 5.2 0.3 0
% < −5 10.7 3.7 0 0 0

Sector 2

Avg 4.43 6.06 7.31 12.34 16.3
Min −11 −8 −6 −1 1
Max 23 29 27 32 40
% < 5 42.7 52.4 33.9 13.9 3.1
% < 0 21.2 28.9 6.5 0.4 0
% < −5 10 4.3 0.1 0 0

Sector 1

Avg 5.28 6.99 7.63 12.76 17.34
Min −11 −7 −5 −1 3
Max 25 30 27 32 42
% < 5 37.6 49.1 31.9 12.4 0.7
% < 0 19.3 26.2 6.2 0.4 0
% < −5 9.6 2.2 0 0 0

3.2. Differences in Vegetation Indices over Time

In this subsection, we analyse the differences among vegetation indices due to micro-
climatic differences, species, and period.

3.2.1. Canopeo

Regarding the Canopeo tool, the detailed results of the multifactorial ANOVAs for
green canopy coverage are shown in Table A1. Multifactorial ANOVAs were calculated for
each date.

The results indicate that it is possible to differentiate among species from the end of
January to 12 May, as shown in Figure 5. After that date, although there are some differences
among species, the canopy values are too similar, and it is not possible to attribute these
observed differences to different species. In general terms, it is possible to affirm that T is
the mixture characterised by a higher canopy value. After 11 April, C has canopy values
similar to T, being classified in the same group according to the multifactorial ANOVA
from 11 April to 12 May. After that period, there are no differences among species.

Regarding the applicability of this index for differentiating among microclimatic
zones, the results indicate that differences are significant only during late spring green-up,
primarily due to an abnormally high value in S3. The differences among microclimatic zones
beyond statistical significance are shown in Figure 6. It is evident that at the beginning of
the period (February), canopy coverage is minimal for S1 and maximal for S3. Nonetheless,
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this trend is reversed from March to the middle of May, and in the last data collection
round, S1 again shows the lowest values.
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Figure 5. Average values and assigned groups among different species for multifactorial ANOVA
for different dates using green canopy coverage tool. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).
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Figure 6. Average values and assigned groups among different sectors for multifactorial ANOVA
for different dates using green canopy coverage tool. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).

A major problem with the canopy coverage index is caused by the saturation of the
canopy when it approaches 100%, which prevents the identification of differences. Thus,
canopy coverage is an inadequate indicator for turfgrass evaluation because it saturates at
100%, preventing the detection of further physiological or visual enhancements beyond
complete cover. Nevertheless, it might be a good indicator for the preliminary stages of
turfgrass spring green-up. It must be stated that even though a grass surface reaches 100%
canopy coverage, this aspect is not optimal. This is due to the canopy index not being
able to assess the intensity of canopy greenness, which is important for the aesthetic value
of turfgrass.

3.2.2. Greenness

Regarding the values obtained with the previously proposed greenness index, which
only uses the green histogram, the detailed results of the multifactorial ANOVAs are
presented in Table A2. Again, multifactorial ANOVAs were calculated for each date.
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For the previously proposed index, the results indicate that it has been possible to
differentiate among species at different dates, but with an inconsistent pattern, as shown in
Figure 7. There are some dates on which the index is unable to differentiate among species
due to varying solar exposure and the presence of shadows in the included pictures. It is
worth mentioning that for this index, T is the species with the highest value on all dates,
which reflects the reality of the observed performance of grasses. Differences between C
and Z vary throughout spring green-up according to this index. On 28 April and 12 May,
the values for this index for C and T show no statistically significant differences and are
similar. Meanwhile, differences between T and Z are even smaller.
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Figure 7. Average values and assigned groups among different species for multifactorial ANOVA
for different dates using adapted greenness index. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).

Regarding the applicability of this index for differentiating among microclimatic zones,
the results indicate that differences are significant only at two points during spring green-
up, with lower greenness in S3. Regarding the differences among microclimatic zones
beyond statistical significance, it is possible to see that at the beginning (during February,
March, and part of April), greenness is maximum for S1 or S2 and minimum for S3. After
that period, the differences are not stable and vary among dates, as shown in Figure 8.
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Figure 8. Average values and assigned groups among different sectors for multifactorial ANOVA
for different dates using adapted greenness index. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).
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The main drawback of this index is that, because it operates on a single band, it cannot
compensate for the effects of shadows in images. Moreover, the defined portion of the
histogram for greenness has been modified to include the darkest colourations observed
during late spring green-up. This index can be useful for evaluating the spring green-up
process under controlled, no-shadow conditions.

3.2.3. Homogeneity

Following this, we describe the results from multifactorial ANOVAs, along with the ho-
mogeneity index values (see Table A3). These values are also compared with those obtained
using the previously proposed greenness index. As in the previous cases, multifactorial
ANOVAs were calculated for each date.

For the adapted homogeneity index, the results indicate that it is possible to differenti-
ate among species mainly at the beginning and at the end of spring green-up, as shown in
Figure 9. As for the greenness index, T is the species with the highest value across all dates.
Meanwhile, C is the species that starts with a lower homogeneity value and takes more
time to increase its value. By the end of March, the homogeneity index of C is similar to
that of the rest of the species, and differences among species are not statistically significant.
In general terms, we can affirm that C has the lowest values of homogeneity even during
summer. This can be explained by differences in colouration of this species, rather than
delayed spring green-up. Meanwhile, the differences between Z and T after 22 March are
barely insignificant, less than 3% on average.
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Figure 9. Average values and assigned groups among different species for multifactorial ANOVA
for different dates using adapted homogeneity index. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).

Regarding the application of this index to differentiate among the microclimatic zones,
the results indicate that differences are significant only in three moments of the spring
green-up, with the lowest homogeneity in S3 (see Figure 10). In this case, the lowest values
for S3 along the period are only clearly visible on some dates. This suggests that this index
is not sufficiently useful for differentiating among microclimatic zones.

The main problems with this index are that it only uses a single band, and even
though it has been specially designed for turfgrass, the effect of shadows strongly affects
the performance of this index, as can be seen for Date 12. As stated for the greenness index,
the homogeneity index can help evaluate spring green-up processes under controlled
light conditions.
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Figure 10. Average values and assigned groups among different sectors for multifactorial ANOVA
for different dates using adapted homogeneity index. Different lowercase letters indicate significant
differences (LSD test, p < 0.05).

3.2.4. GLI

Regarding the values obtained with the GLI, the detailed results of the multifactorial
ANOVAs can be seen in Table A4. Again, multifactorial ANOVAs were calculated for
each date.

The results indicate that it is possible to differentiate among species over the studied
period, as shown in Figure 11. For the obtained GLI values, T is the mixture characterised
by the highest performance across almost all dates. Only on the last date, 05 June, does
Z outperform T in terms of GLI values, and it is even classified as a different group.
According to the GLI results, Z took more time to start the spring green-up process than C.
Nonetheless, after 11 April, the values of Z are better than those for C. Thus, comparing the
results with the other indexes, this index seems to be the most efficient in differentiating
between species during spring green-up and it might be even be capable to differentiating
between them during summer, which indicates that this is a promising index for turfgrass
colour assessment.
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Figure 11. Average values and assigned groups among different species for multifactorial ANOVA
for different dates using GLI index. Different lowercase letters indicate significant differences (LSD
test, p < 0.05).
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Regarding the potential application of the GLI to differentiate among microclimatic
zones, the results indicate that this index can identify differences during middle and late
spring green-up, as shown in Figure 12. In early to mid-spring, when differences are
statistically significant, S3 has the lowest value, while S1 shows the highest performance.
Nevertheless, for late spring green-up, this trend is reversed, with S3 showing the highest
values and S1 the lowest.
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Figure 12. Average values and assigned groups among different sectors for multifactorial ANOVA
for different dates using GLI index. Different lowercase letters indicate significant differences (LSD
test, p < 0.05).

This index has been demonstrated to be a powerful tool for evaluating not only
differences among species but also among microclimatic zones. Moreover, the effects of
shadows in images for Date 12 are not clear, since the values of the index for this date are
consistent with those of the previous and subsequent data. Thus, this index should be
explored in the future as a potential, automatic, and objective option for evaluating colour
and appearance among turfgrass species. Given the limited effect of shadows on the results,
this index can be used without requiring a lightbox to ensure stable light conditions.

3.2.5. Two-Way ANOVA

Finally, as a comparison among the different indices, two-way ANOVAs were con-
ducted with each of the indices as factors, including DOY, species/mixture, and sec-
tor/block, as well as their interactions. A summary of these analyses is presented in Table 4.
The results indicate that, for all indices, all factors are significant, and almost all interactions
are significant, except DOY with sector for Canopeo. The greenness and GLI data have
the lowest p-values for all factors. This information aligns with the results presented in
previous sections.

Table 4. Summary of p-values from two-way ANOVA for each index.

Factor/Interaction Canopeo Greenness Homogeneity GLI

DoY 0.0000 0.0000 0.0000 0.0000
SP 0.0000 0.0000 0.0000 0.0000
Sector 0.0130 0.0000 0.0003 0.0000
DoY × SP 0.0000 0.0000 0.0000 0.0000
DoY × Sector 0.2297 0.0000 0.0001 0.0001
SP × Sector 0.0000 0.0003 0.0021 0.0000
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3.3. Obtained Regression Models

In this subsection, we analyse the differences among vegetation indices in the obtained
regression models to evaluate spring green-up in relation to thermal accumulation. Given
the trend reversal observed on the last day, these data will not be included in the models.

3.3.1. Canopeo

The obtained mathematical models that correlate the accumulated temperature with
the Canopeo index can be seen in Figure 13. These models follow a Double Square Root
equation in all cases, as shown in Equation (8). The obtained coefficients for the models,
along with their correlation coefficients, R2, and p-values, are presented in Table 5.

Canopeo =
(

a + b ×
√

GDD0

)2
(8)

Figure 13. Individual regression models for different species/mixes with the Canopeo index: (a) dark
green corresponds to the C3 mix, (b) light green corresponds to the C3/C4 mix, (c) yellow corresponds
to C4 Z. matrella, and (d) blue corresponds to C4 C. dactylon × C. transvaalensis.

Table 5. A summary of the obtained mathematical models and their statistical significance for the
different species for the Canopeo index.

Species 1 a b Correlation Coef R2 p-Value

T 7.31281 0.07375 0.43 0.19 0.0083
R −8.23203 0.484525 0.92 0.85 <0.0001
Z −9.53005 0.478161 0.92 0.85 <0.0001
C −10.1541 0.519619 0.90 0.80 <0.0001

1 T corresponds to the C3 mix, R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds
to C4 C. dactylon × C. transvaalensis.

The relationship between canopy cover and cumulative temperature (degree-days)
was described using models of the form Y =

(
a + b

√
Tcum)2 . In this formulation, the

parameter a defines the baseline canopy cover at low thermal accumulation (Y = a2

when Tcum = 0), while b determines the rate of change in response to the square root
of cumulative temperature. The fitted models showed similar parameter values, with a
ranging from −8.2 to −10.1 and b from 0.48 to 0.52 for R, Z, and C. Regarding the models
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for T data, the obtained values (a equal to 7.0 and b equal to 0.07) differ from the models
with data on C4 species. The models predict the presence of a marked minimum in canopy
cover as cumulative temperature increases, reaching this minimum around 280–400 degree-
days, corresponding to the zero-crossing of the term

(
a + b

√
TcumGDD0

)
. Beyond this

threshold, the mathematical form of the model produces a slight recovery of canopy cover.
Nevertheless, this increase should be interpreted cautiously, as it may reflect the limits of
model structure rather than a true biological response. Overall, the results indicate that
canopy cover decreases significantly with accumulated heat, highlighting the sensitivity of
vegetation development to cumulative temperature during the growing period.

If we compare the obtained models graphically, as in Figure 14, we can clearly visualise
the differences among species. According to the models, T reaches 100% coverage at 1328 ◦C,
while the C4 species reach this value at 1416 ◦C for R, 1668 ◦C for Z, and 1504 ◦C for C.
This moment corresponds to 01 May, 06 May, 20 May, and 12 May for T, R, Z, and C.
Nevertheless, according to field data, it is possible to see that some plots reach the 100% or
similar values (98 or 99%) of canopy at earlier moments with much lower temperatures:
538 for T (98.9%), 1080.5 ◦C for R (98.7%), 1600 ◦C for Z (99.4%), and 1012 ◦C for C (98.3%).
This supports our observations of the models incorporating data: even though there is
good accuracy, the change in canopy is much faster than the models are predicting. This
is partially explained by the saturation of the canopy tool when values reach 100%. It
is possible to establish a range of thermal accumulation for the period when the canopy
evolves based on empirical data rather than the obtained models. These points are observed
at about 1050 ◦C for R, 1200 ◦C for Z, and 1000 ◦C for C. These temperatures partially
correspond to the temperatures at which the first values of the canopy equal to 100% were
found for C and T, but not for Z. This is because the canopy increase in Z is slower than
that in R and C.

Figure 14. Comparison of regression models for different species/mixes with the Canopeo index:
dark green corresponds to the C3 mix, light green corresponds to the C3/C4 mix, yellow corresponds
to C4 Z. matrella, and blue corresponds to C4 C. dactylon × C. transvaalensis.

3.3.2. GLI

The obtained mathematical models that correlate the thermal accumulation with the
GLI can be seen in Figure 15. These models follow a multiplicative equation in all cases, as
shown in Equation (9). The obtained coefficients for the models, along with their correlation
coefficients (R2) and p-values, are shown in Table 6.

GLI = e(a+b×ln (Tcum)) (9)

The relationship between the GLI and cumulative temperature (degree-days) is de-
scribed using models of the form GLI = e(a+b×ln (GDD0)). In this formulation, the parameter
a defines the baseline GLI at low GDD0 (Y = a2 when Tcum = 0), while b determines the
rate of change in response to the cumulative temperature. The fitted models showed similar
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parameter values for Z, R and C, with a ranging from −11.33 to −12.9 and b from 1.3 to
1.5. Nonetheless, the values for C3 turfgrass differ from the aforementioned values, with
a equal to −3.7 and b equal to 0.3. The models predict a marked increase in GLI value as
cumulative temperature increases. At low thermal accumulation values, the GLI is 0.12 for
T and nearly 0 for other species. There are other important differences to be considered that
are linked to the obtained models. The most important difference is the distinct thermal
responses, which can be expressed as the increase in the GLI with temperature. The thermal
response of T follows a decreasing pattern; the increase in the GLI accelerates quickly at low
temperatures but slows at high temperatures. Meanwhile, Z, C, and R are characterised by
an increasing rate of GLI growth with temperature. The increase in the GLI is higher when
temperatures are elevated. These different increases in GLI rates among species are entirely
consistent with the expected behaviour of C3 and C4 species, indicating that temperature
sensitivities play a key role in spring green-up.
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Figure 15. Individual regression models for different species/mixes with the GLI index: (a) dark
green corresponds to the C3 mix, (b) light green corresponds to the C3/C4 mix, (c) yellow corresponds
to C4 Z. matrella, and (d) blue corresponds to C4 C. dactylon × C. transvaalensis.

Table 6. A summary of the obtained mathematical models and their statistical significance for the
different species for the GLI index.

Species 1 a b Correlation Coefficient R2 p-Value

T −3.38677 0.252634 0.57 0.32 0.0004
R −12.2104 1.43933 0.92 0.85 <0.0001
Z −12.9547 1.51977 0.94 0.88 <0.0001
C −11.3313 1.27182 0.87 0.76 <0.0001

1 T corresponds to the C3 mix, R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds
to C4 C. dactylon × C. transvaalensis.

Comparing the obtained models, shown in Figure 16, we can clearly visualise the
differences among species. If we compare the GLI model of T with those for other species,
it is possible to predict the moment at which other models will achieve a higher GLI than T.
This moment corresponds to a GDD0 of 1695 ◦C for R, 1902 ◦C for Z, and 2428 ◦C for C.
According to the climatological meteorological data for the year, this thermal accumulation
was reached on 21 May for R, 30 May for Z, and beyond the considered period for C.
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Figure 16. Comparison of regression models for different species/mixes with the GLI index: dark
green corresponds to the C3 mix, light green corresponds to the C3/C4 mix, yellow corresponds to
C4 Z. matrella, and blue corresponds to C4 C. dactylon × C. transvaalensis.

3.3.3. Greenness Index

In the following paragraphs, the mathematical models obtained are described, which
correlate the thermal accumulation with the proposed greenness index. These correlations
can be seen in Figure 17. These models follow a Logarithmic equation in all cases, as shown
in Equation (10). The obtained coefficients for the models, along with their correlation
coefficients (R2) and p-values, are shown in Table 7.

Greenness = a + b × ln(Tcum) (10)
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Figure 17. Individual regression models for different species/mixes with the greenness index: (a) dark
green corresponds to the C3 mix, (b) light green corresponds to the C3/C4 mix, (c) yellow corresponds
to C4 Z. matrella, and (d) blue corresponds to C4 C. dactylon × C. transvaalensis.

The relationship between the greenness of the turfgrass and cumulative temperature
(degree-days) is described using models of the form Greenness = a + b × ln(GDD0). In
this formulation, the parameter a defines the baseline greenness at low GDD0 (Y = a when
Tcum = 0), while b determines the rate of change in response to the cumulative temperature.
The fitted models show similar parameter values for Z, R and C, with a ranging from −1.5
to −2.5 and b from 0.33 to 0.47. Nonetheless, the values for C3 turfgrass differ from the
aforementioned values, with a equal to 0.9 and b equal to −0.01. The models predict a
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progressive increase in the greenness index as the cumulative temperature rises. At low
temperature values, the greenness for species T is relatively high compared to the others,
and its variation is barely insignificant with increasing temperature. Meanwhile, R, Z,
and C start with much lower greenness values. Nonetheless, important differences arise
due to differences in temperature sensitivity among species. Species T shows a nearly flat
response, with the index value increasing very slowly as temperature grows, indicating
low necessity of thermal accumulation, which is aligned with the expected behaviour of
C3 species in the given climatic zone with no green colour loss during winter. In contrast,
species R, Z, and C show a strongly positive slope, indicating that their greenness increases
at higher temperatures, as expected for C4 species during spring green-up. Among the C4
plots, C shows the more pronounced increase, followed by Z and R, reflecting the strongest
dependence on temperature. Nevertheless, C is the species that starts the increase at higher
accumulated temperatures.

Table 7. A summary of the obtained mathematical models and their statistical significance for the
different species for the greenness index.

Species 1 a b Correlation Coefficient R2 p-Value

T 0.913959 0.010076 0.23 0.05 0.1587
R −1.47003 0.333631 0.79 0.62 <0.0001
Z −1.73506 0.371384 0.85 0.72 <0.0001
C −2.55281 0.475845 0.81 0.66 <0.0001

1 T corresponds to the C3 mix, R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds
to C4 C. dactylon × C. transvaalensis.

The obtained models are compared graphically in Figure 18. We can clearly visualise
the differences among species. If we compare the greenness model of T with those for other
species, it is possible to predict the moment at which other models will achieve higher
greenness than T. This moment corresponds to a GDD0 of 1585 ◦C for R, 1528 ◦C for Z,
and 1708 ◦C for C. According to the climatic meteorological data of the year, this thermal
accumulation was reached on 17 May for R, 13 May for Z, and 22 May for C.

Figure 18. Comparison of regression models for different species/mixes with the greenness index:
dark green corresponds to the C3 mix, light green corresponds to the C3/C4 mix, yellow corresponds
to C4 Z. matrella, and blue corresponds to C4 C. dactylon × C. transvaalensis.

3.3.4. Homogeneity Index

In the following paragraphs, the obtained mathematical models that correlate thermal
accumulation with the proposed homogeneity index are described. These correlations are
shown in Figure 19. These models follow a Logarithmic equation in all cases, as shown
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in Equation (11). The obtained coefficients for the models, along with their correlation
coefficients (R2) and p-values, are shown in Table 8.

Homogeneity = a + b × ln(Tcum) (11)

The relationship between the homogeneity of the turfgrass and cumulative tempera-
ture (degree-days) is described using models of the form Homogeneity = a+ b× ln(GDD0).
In this formulation, the parameter a defines the baseline homogeneity at a low GDD0 (Y = a
when Tcum = 0), while b determines the rate of change in response to the cumulative tem-
perature. The fitted models show similar parameter values for Z, R and C, with a ranging
from −3.1 to −4.7 and b from 0.69 to 0.83. Nonetheless, the values for C3 turfgrass differ
from the aforementioned values, with a equal to 0.9 and b equal to 0.19. These values indi-
cate that C3 species are characterised by a high baseline homogeneity, almost 1. Meanwhile,
the C4 species at low temperatures have extraordinarily low values, below −1, which is
the mathematical minimum of the equations. Thus, it indicates that the model needs to be
better fitted for low thermal accumulation for C4 species.
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Figure 19. Individual regression models for different species/mixes with the homogeneity index:
(a) dark green corresponds to the C3 mix, (b) light green corresponds to the C3/C4 mix, (c) yellow
corresponds to C4 Z. matrella, and (d) blue corresponds to C4 C. dactylon × C. transvaalensis.

Table 8. A summary of the obtained mathematical models and their statistical significance for the
different species for the homogeneity index.

Species 1 a b Correlation Coefficient R2 p-Value

T 0.927179 0.00811998 0.17 0.03 0.3184
R −2.45182 0.461395 0.70 0.49 <0.0001
Z −3.8066 0.658087 0.84 0.71 <0.0001
C −5.70233 0.911321 0.83 0.69 <0.0001

1 T corresponds to the C3 mix, R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds
to C4 C. dactylon × C. transvaalensis.

The obtained models indicate a progressive increase in the homogeneity index with
increasing cumulative temperature. At low temperature values, the homogeneity for
species T is relatively high compared to the others, and its variation is barely insignificant
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with the increase in temperature, as expected for C3 species with no dormancy. Meanwhile,
R, Z, and C start with much lower homogeneity values due to the dormancy period and leaf
greenness loss. Nevertheless, there are important differences in temperature sensitivities
among species. The mixture T shows an almost flat response. The homogeneity index
values increase very slowly as the temperature rises, indicating a low necessity for thermal
accumulation, as expected. In contrast, the C4 species are characterised by a strongly
positive slope, indicating that their homogeneity accelerates at higher temperatures, as
expected in C4 species during spring green-up, when green colour appears slowly until it
covers the entire grass surface. In this case, the species with the highest increase rate is Z,
followed by C and R.

If we compare the obtained models graphically, as shown in Figure 20, we can clearly
visualise the differences among the species. If we compare the homogeneity model of T
with those for other species, it is possible to predict the moment at which other models will
achieve higher homogeneity than T. This moment corresponds to a GDD0 of 1728 ◦C for R,
1455 ◦C for Z, and 1541 ◦C for C. According to the climatic meteorological data of the year,
this thermal accumulation was reached on 23 May for R, 9 May for Z, and 14 May for C.

Figure 20. Comparison of regression models for different species/mixes with the homogeneity index:
dark green corresponds to the C3 mix, light green corresponds to the C3/C4 mix, yellow corresponds
to C4 Z. matrella, and blue corresponds to C4 C. dactylon × C. transvaalensis.

4. Discussion
4.1. Differences in Spring Green-Up of Studied Species and Differences Among Microclimatic Sectors
4.1.1. C3/C4 Mix (R Plots)

The periodic visits to the field trials indicate that R plots started spring green-up in
the sector with warmer temperatures early, on 1 February 2024, while in the coldest sector
this start was delayed until 28 February 2025, almost one month later. Complete coverage
with the C3 seeds of the R plots became difficult to assess. The distribution of seeds and
the resulting spatial pattern of canopy greening were non-homogeneous, resulting in an
irregular pattern of green colouration.

On about 11 April 2025, the R plots of the warmest sector were characterised by fully
grown C3 grasses, even though these did not cover the entire plot. Meanwhile, in the
coldest plots, the C3 species of the R mixture were fully grown from 22 April 2025 to
28 April 2025. In the case of the coldest plots, canopy development and early green-up
were even more irregular, with some plots having only a few grown individuals. In colder
plots, sector 3 registered low temperatures similar to those in sectors 2 and 1. Nevertheless,
the number of hours that turfgrass remained at low temperatures was higher in more
exposed plots, namely sectors 2 and 3. In February, plots in sector 1 experienced negative
temperatures for 123 h, while plots in sector 2 and sector 3 experienced temperatures for
153 and 164 h. Thus, besides having the lowest maximum temperatures, these plots also
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have the lowest minimum temperatures. These microclimatic differences might be crucial
in the irregular germination of C3 seeds.

The microclimatic effects of temperature on seed germination have been widely stud-
ied in plants of cold climates [46,47]. Additionally, several studies demonstrate a delay in
the germination of cool-season turfgrasses at low temperatures [48]. The delayed germi-
nation can be as long as 14 to 16 days in the case of F. arundinacea and L. perenne [49] and
P. pratense [50]. It must be noted that these studies were conducted under controlled condi-
tions, with either stable or varying temperatures, and germination was measured rather
than spring green-up or canopy development. Nevertheless, the delay in germination
reported in the literature and slower growth under cold conditions can partially explain
the delay in green canopy presence registered in this study. In the case of the present study,
conducted under real conditions with microclimatic differences, visible green-up in the
coldest plots was delayed by up to 28 days in the most favourable plot. This delayed onset
of visible green-up under low-temperature conditions can partially explain the irregular
spatial patterns of canopy development of C3 observed in the plots of sector 3.

4.1.2. C3 Mix (T Plots)

The observed phenology in the T mixture, composed solely of C3 grasses, with no
colour loss during dormancy, presented no clear visual differences among microclimatic
sectors. There was a slight colour change due to the growth of new leaves, which occurred
simultaneously across all sectors. Therefore, it is possible to say that, in contrast to germina-
tion responses reported under controlled conditions, the studied microclimatic variation in
temperature did not affect the start of spring green-up, i.e., the visible appearance of new
leaves of an existing plant, of C3 species in the T mixture. The appearance of new leaves
occurred in late February, coinciding with the date at which C3 species became visible in
the R mixture in the worst microclimatic region. Thus, the earlier green-up of C3 species
in the R mixture (pre-existing C4 grasses) compared to the T mixture (pre-existing pure
C3 turfgrass) can be explained by the differences in canopy structural dynamics during
winter dormancy, rather than by differences in physiological activation. In C4 mixtures,
such as R, senescent leaves lose pigmentation and water content, resulting in reduced leaf
volume and canopy height, and increased canopy openness, which allows newly emerging
C3 leaves to become visible earlier.

In contrast, in pure C3 mixtures, such as T mixture, leaves retain their colour and
hydration, maintaining canopy density throughout the winter. As a result, emerging C3
leaves must elongate further before they become detectable, thereby delaying the apparent
onset of green-up. These differences highlight the roles of previous canopy structure and
conditions and leaf senescence in modulating the phenological visibility of spring green-up,
both visually and through vegetation indices, rather than underlying differences in growth
initiation. Previous studies demonstrated a reduction in leaf area when dormancy was
triggered in C4 species [51], which directly impacts canopy structure.

4.1.3. C4 Monocultures (Z and C Plots)

Among C4 turfgrass species, Z and C, even though Z presented green leaves during
field visits earlier than 14 March 2025, these leaves were confined to the basal area of the
plant and were not visible at the canopy level. Therefore, these leaves were not captured
by vegetation indices, which rely on canopy-level reflectance and do not reflect the actual
onset of spring green-up. Previous studies conducted in Mediterranean and European
transition-zone environments have documented partial winter colour retention and shorter
dormancy periods in Zoysia matrella, particularly in fine-leaf cultivars such as ‘Zeon’, under
mild winter conditions and favourable microclimatic conditions [52,53], which aligns with
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the evidence observed during field visits. Nevertheless, indexes do not reflect this initial
moment of the spring green-up. Significant growth did not characterise these new leaves,
which remained in the basal area of the plant, covered by leaves without green colouration.
Thus, their presence was not evident in the canopy, and therefore, the indices did not report
this evidence. The spring green-up process was slower and took longer to reach a high
level of green colouration. The moment at which Z plots reached a high level of green
colouration fell between 22 April 2025 and 28 April 2025. This resulted in a prolonged
duration of the initial phases of spring green-up, with a duration of more than one month.
This extremely long duration in the initial phases of spring green-up can be attributed
to the succession of rainy days during March and April, with low radiation and reduced
high daily temperatures, indicating the importance of high daily temperatures for spring
green-up rather than low temperatures.

In that moment, Z has a green colouration; moreover, its uniformity of spring green-up
varies along the sector. While in sector 1, almost the entire plot was completely green,
in sector 2, and particularly Sector 3, there were some parches with no spring green-up,
indicating an irregular exit from dormancy. These differences are not easily explained by
the temperatures in April, since the differences among microclimatic conditions are almost
null in this month. The minimum and maximum temperatures in each sector are almost
the same, with a higher average temperature in sector 3 (13.1 ◦C) than in sectors 2 and 1
(12.3 ◦C and 12.8 ◦C, respectively). Thus, this effect can be explained by the most severe
conditions recorded in January and February, which might affect the survival of certain
individuals during the dormancy period. The lowest temperatures registered in the plots
during January and February are similar. The time that plots remain below 5, 0, and −5 ◦C
is slightly different among plots and is higher in Sectors 2 and 3. This can be a possible
explanation for the observed irregular germination caused by winterkill due to abiotic
stress. Several authors have reported the effect of low winter temperatures on winterkill
of C4 species, particularly in Z. matrella [54], and in the Zorro cultivar, indicating a freeze
tolerance of −9 ◦C [55,56]. The minimum temperature reached was equal across all plots
(−11 ◦C). This implies that typical equations that use minimum temperature to calculate or
estimate survival rates should be applied carefully, and it might be more interesting to use
continuous data rather than minimum and maximum punctual temperatures.

Regarding the C plots, these showed initial green leaves later than in Z, but once the
green leaves appeared, the spring greening process accelerated faster than in Z, reaching a
homogeneous green colouration on 11 April 2025, with remarkable colour variation only in
1 week. The first evidence of green leaves was visible on 4 April 2025. As opposed to what
occurred in Z, the C leaves grew with greater density, provoking faster spring green-up
than Z. It must be noted that 31 March was the last date on which temperatures fell below
0◦ C. A couple of days later, the first leaves of C appeared, indicating a possible impact
of minimum temperatures, in addition to thermal accumulation, on triggering spring
green-up. Additionally, it is important to note that, unlike what has been observed in Z,
the C plots did not show irregular leaf emergence, indicating a lower impact of winterkill.
Traditionally, C was more susceptible to winterkill than Z [57]. Nevertheless, in the case of
tested cultivars, the effect of winterkill on spring green-up uniformity was greater for the
Z. matrella cultivar Zorro than for C. dactylon × C. transvaalensis cultivar Texoma (OKC1876).

4.1.4. C3/C4 Mix Compared with C4 Monoculture

Considering the obtained results, comparing R with C in the C3/C4 mixes, if C3
overseeding is conducted in winter or spring, the impact on spring green-up will be almost
null. Even though the start of spring green-up in the plot was earlier for R than for C, the
end of spring green-up occurred approximately on the same date according to field visits.
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Regarding the indices and the obtained models, the Canopeo model indicated that the
moment at which C plots accelerated was at a DGG0 equal to 1000 ◦C, whereas for R plots
it was at 1050 ◦C.

Comparing the values of the greenness and homogeneity indices, as well as the
obtained models, the behaviour of the R plots is highly similar to that of the Z plots,
with an early start of spring green-up but prolonged spring green-up in the initial stages.
Thus, overseeding must be conducted at the end of summer or early in autumn, ensuring
germination and leaf emergence before winter. Otherwise, the impact of overseeding in
spring green-up is minimal.

4.2. Differences Among Obtained Models
4.2.1. The Best Model to Determine the Ending of the Initial Stages of Spring Green-Up

There is one key index that has proven its ability to determine the end of the initial
stages of spring green-up, the moment when all or almost all of the plot is covered with
green vegetation. This is the Canopeo index, which determines the fraction of the surface
covered in green, regardless of the intensity of the green canopy. In Table 9, we have
included the dates of the start and end of the initial stages of spring green-up across
the different plots, along with the thermal accumulation. Moreover, the accumulated
temperature at which Canopeo models accelerate is also included. It is possible to see a
clear comparison between the field-determined end of the initial spring green-up process
and the GDD0 temperature at which Canopeo models accelerate.

Table 9. A summary of the start and end of the initial stage of spring green-up and their relation with
Canopeo models.

Species 1 Start of Spring Green-Up End of Spring Green-Up GDD0 at Which Canopeo
Models Accelerate (◦C)Date GDD0 (◦C) Date GDD0 (◦C)

T 28 February 2024 547 28 February 2024 547
R 1 February 2024 249 11 April 2025 1013 1050
Z 4 April 2025 916 22 April 2025 1180 1200
C 4 April 2025 916 11 April 2025 1013 1000

1 T corresponds to the C3 mix, R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds
to C4 C. dactylon × C. transvaalensis.

The rest of the models do not perform efficiently in predicting the end of this starting
point, since at this moment, the greenness of the plots is low, and the remaining indexes
do not measure green coverage but the intensity of this green coverage. Thus, the other
indices are not suitable for determining this initial moment of spring green-up. Although
model predictions tend to show a slight delay relative to the observed green-up dates, they
successfully capture the relative temporal dynamics, the impact of small-scale temperature
variability, and differences among species, which are the main focus of this study.

4.2.2. The Best Model to Determine the Moment at Which C4 Species Overtake C3 Species

Among the models used to evaluate when the greenness of the C4 species surpasses
that of the C3 species, the best results are mainly linked to the indices evaluating the
greenness of the turfgrass. These indices are the GLI and the two previously proposed
indices [39], greenness and homogeneity. In Table 10, we have included the accumulated
temperature at which each C4 species or the C3/C4 mix reached the C3 mix value.

For R mix, the three models yield similar temperatures (a variation of only 6 days)
between 17 and 23 May. The gathered images and field visits from 22 May to 05 June
demonstrate a similar colouration in R and T plots. The main observed differences between
these plots are the irregular growth of C3 grasses in the R plots, caused by the irregular
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germination. So, from this point, differences are merely in terms of plant growth rather
than plant colour. Given the extremely small differences among predictions in models, it is
difficult to select the best model for R, and apparently, all models are correct.

Table 10. GDD0 and the day on which each species overtakes the values of T.

Species 1 GLI Greenness Homogeinity
GDD0 (◦C) Date GDD0 (◦C) Date GDD0 (◦C) Date

R 1695 21 May 1585 17 May 1728 23 May
Z 1902 30 May 1528 13 May 1455 9 May
C 2428 - 1707 22 May 1541 14 May

1 R corresponds to the C3/C4 mix, Z corresponds to C4 Z. matrella, and C corresponds to C4 C. dactylon ×
C. transvaalensis.

Regarding the plots with the Z. matrella cultivar Zorro (Z), there is considerable
divergence among models. While the homogeneity model indicates that these plots reached
the same characteristics as T plots on 9 May, the GLI delays this date to 30 May, and the
greenness models offer an intermediate date of 13 May. According to field visits, the visual
aspect of colour is similar in Z and in T on 19 May. On 12 May, even though the leaf
colouration of Z is similar to that of T, the Z plots show incomplete coverage by green
leaves. Thus, the homogeneity models fail as they determine the date too early. Meanwhile,
the GLI identifies this point in June, later than field registers indicate.

Finally, in the case of C, which is the most complex one, two of the models indicate the
moment with a one-week difference (greenness and homogeneity) at the middle to end of
May, while the GLI places that moment beyond the collected temperature data (probably
the middle of June). This difference is caused by the particular colouration of C. dactylon ×
C. transvaalensis, which tends toward bluish colours, and the way in which different indices
operate. While the proposed indices used only the green band of the image to determine the
intensity of green, the GLI combines this information with the blue and red bands. The field
visits conducted from 22 May to 05 June indicate that the visual appearance of C does not
differ from that of T in terms of coverage and density, even though the colouration differs.
Thus, as in the case of Z, GLI models indicate the latter date that the field data demonstrate.

According to the analysed data, it is possible to say that the best models to determine
the moment at which each plot has reached its optimal colouration, when it surpasses or
nearly surpasses that of T, are those based on greenness. The differences among models are
minimal for R but crucial for Z and C. Models based on homogeneity data tend to place the
moment earlier than observed, whereas those based on GLI data indicate that the moment
is later.

4.2.3. Best Index to Assess Differences Between Species and Between Sectors

According to the data provided in Section 3.2, we can compare which index is best
for identifying differences among turfgrasses. The Canopeo index was able to identify
differences between species in 11 out of 13 moments and failed in identifying differences
among sectors, being able to do so just in the last image. With the GLI, it was feasible to
identify differences among species across all included periods and among sectors in almost
half of the periods (6 out of 13). Regarding the proposed indices, the greenness index
identified differences between species in 8 out of 13 images and differences between sectors
in only 2 cases, whereas homogeneity data differentiated species in 6 out of 13 images and
sectors in only 3 cases. Thus, the best index for phenotypic species or for determining the
impact of microclimatic differences is the GLI, which has proved to be the most effective.
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4.3. Observed Microclimatic Effect in Colour Decay at End of Trial

Beyond the already mentioned microclimatic temperature effects during spring green-
up, an additional effect has been observed: an inversion of tendencies at the end of the
trials. The plots that go into spring green-up earlier (Sector 1) have shown a reduction in
colour and even coverage, as indicated by the Canopeo index.

The earlier green-up observed in plots of sector 1 compared to plots of sectors 2
and 3 has been attributed to microclimatic differences in temperature among plots, as
explained above. Sector 1 consistently recorded higher average temperatures and spent
less time under critical temperature thresholds (below 0 ◦C or 5 ◦C) during January and
February, creating a more favourable thermal environment for an early metabolic activation
of turfgrass species. These microclimatic variations, likely driven by surrounding structures,
explain why phenological timing diverged among sectors despite the uniform management.

Nonetheless, this early activation of plots in sector 1 did not result in an enhanced
visual quality at the end of the trial. The prolonged rainfall and low radiation during
March and April imposed severe physiological constraints on plots that had started green-
up early. These constraints include carbohydrate reserve depletion under suboptimal
photosynthetic conditions and potential hypoxia conditions in root zones due to saturated
soils after prolonged rain. On the contrary, later-greening plots synchronised their growth
with improved environmental conditions, allowing for more efficient nutrient uptake and
sustained colour. This observed contrast indicates that while microclimatic variations in
temperature strongly influence the timing of green-up, their benefits can be easily offset
by adverse weather patterns during early spring, jeopardising the quality of turfgrass in
summer. Therefore, microclimatic conditions should be studied and incorporated into the
design and management of turfgrass surfaces in urban green areas. Other authors have
reported similar effects, linked to early spring phenology, on reducing vegetation growth
rates during the green-up period in temperate forests due to climate change [58].

4.4. Impact for Urban Science and Green Infrastructure Management in Climate Change Scenarios

In recent years, several urban studies have focused on thermal variation or thermal
gradients in cities, including both the UHI and intra-urban small-scale gradients. More-
over, for efficient climate adaptation in urban green areas, understanding how small-scale
thermal variability within urban green spaces affects vegetation performance is essential
for developing resilient strategies for green infrastructure design and management under
ongoing urban warming. As stated in the Section 1, in the framework of this paper, the
studied temperature gradient refers to small-scale temperature differences within a single
peri-urban green space, rather than to continuous spatial gradients or urban–rural contrasts.

Previous studies have demonstrated a microclimatic temperature gradient of 1.29 to
2.71 ◦C in urban green areas in Beijing [59], while the gradient in Perugia was −1.1 to
1.3 ◦C [36]. A recent study of the UHI effect in Madrid found increases of 1 ◦C during the
day and 2 ◦C during the night [60]. Thus, our gradient aligns with the reported values,
and the observed differences in delaying spring green-up, amounting to about 1.5 ◦C, can
be easily translated to urban areas with these reported gradients for the UHI, including
Madrid. Moreover, other authors have reported decreases in temperature in green areas in
urban regions [61,62] and park cooling gradients [63]. Moreover, climate change will affect
average temperatures, leading to variations in green-up and other phenological events, as
noted by various authors [64,65]. According to a recent publication, an increase of 1.4 ◦C in
average temperatures in Spain is expected by 2050 [66]. Therefore, the studied temperature
gradient and the obtained models can be applied in future CC scenarios as well as to intra-
urban variability patterns caused by different structures, materials, and vegetation canopies.
While the present study does not aim to quantify the UHI effect itself, it contributes to
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the literature by showing that temperature differences of a similar magnitude occur at
intra-urban and sub-park scales, and these can induce substantial phenological shifts
typically associated with larger-scale urban warming. This paper provides experimental
evidence linking small-scale thermal variability to vegetation phenology, a relationship
often assumed but rarely quantified at this spatial scale.

Thus, we can expect an increase in future temperatures, and having information about
green areas’ vegetation response to that increase is key to adequate management and
planning. The provided models provide a valuable tool for predicting spring green-up
onset to plan for green infrastructure management and resource allocation. Advancing
spring green-up might imply longer irrigation and mowing periods and higher frequency
for cool-season species, which directly affect maintenance costs. In these species, the
temperature gradient advances or delays spring green-up by one month. On the contrary,
early spring green-up for warm-season grasses also implies a longer period of use of
turfgrass by citizens and a lower period with dormancy colour. This can affect citizens’
acceptance of warm-season species in Madrid’s continental climate, allowing for the use
of species better adapted to water scarcity. It should be noted that temperature gradients
have little effect on spring green-up in these species. Thus, adequate species selection,
accounting for spring green-up modifications, is necessary to ensure the sustainability
of green areas. The inclusion of green areas is vital to reduce the compactness of urban
cores and provide a more sponge-like urban morphology, facilitating the formation of
microclimates [67] and improving citizens’ comfort in urban areas. Nonetheless, these areas
must be climate-resilient spaces with reduced management costs in future CC scenarios.
In this context, the present study contributes to urban climate research by providing field-
based evidence of how microclimatic thermal differences, comparable in magnitude to
projected warming, translate into measurable phenological shifts in managed vegetation
at scales relevant for urban design and management. Selecting the best species, which
entails understanding their phenological behaviour during spring green-up under different
temperatures, is one of the key adaptation measures to be considered in urban green areas.

For urban climatologists, the reported results highlight that small-scale thermal het-
erogeneity within urban and peri-urban areas, provoked by local structures, materials, and
surface characteristics, is often overlooked in city-scale analyses and can generate func-
tional vegetation responses comparable to those attributed to the urban heat island effect.
Therefore, these patterns should be studied locally and considered by experts during the
design phases of urban green areas and green infrastructure management. Moreover, these
findings are particularly relevant for urban climate studies, where vegetation responses
are typically modelled at coarser spatial resolutions, potentially overlooking the effects of
small-scale thermal variability.

4.5. The Potential Implications of Soil Moisture in Spring Green-Up at a Microclimatic Scale in
Green Areas

Given that multiple studies in the literature indicate that, in grasslands, the impact
of SM can exceed that of temperature, it is necessary to discuss this issue, focusing on
gardens and urban environments. Multiple studies indicate that, although temperature
is the primary trigger for spring green-up in cold regions [68], in warmer regions SM
becomes more important [69–71]. The results obtained in these studies are global or
regional, based on remote sensing data, and include no studies of microclimatic conditions,
urban regions, or green areas; they focus on natural regions whose SM is rain-dependent.
Moreover, these studies do not offer SM results that can be compared with SM measured
with handheld devices. In the present study, data were obtained with handheld devices,
and the studied surface has smaller dimensions, allowing for deeper investigation of the
microclimatic conditions.
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Data collected on different dates, 2 April and 22 May, indicated that soil moisture was
lower in plots that experienced green-up early, with average values of 13.8% in sector 1
compared with 14.3 and 16.6% in sector 2 and sector 3 on 2 April. This moment corresponds
with the start of spring green-up for the C4 species. In the latter period, on 22 May, this
trend is maintained, with lower SM values in sector 1 (21.5%) than in sector 2 (22.9%) and
sector 3 (25.2%). These results contradict the aforementioned references, which stated that
the trigger for spring green-up was an increase in soil moisture. In our results, the plots
that started spring green-up first are those with the lowest SM. This might be explained
by the local increase in canopy and surface temperatures, which increases the rate of soil
water evaporation, decreasing the SM. Furthermore, SM variability at a local scale is more
closely related to design factors, such as generated orography, projected shadows, and
surrounding materials and structures. All these factors also affect canopy temperature,
generally leading to higher temperatures in areas with lower SM due to differences in soil
water evaporation, as stated before. Thus, existing models that highlight the primary role of
SM in spring green-up in grasslands do not apply to urban green areas with microclimatic
variability resulting from design or surrounding conditions.

Additionally, the study year was a period of high rainfall, and soil moisture was not
a limiting factor. This can be aligned with the situation in green areas, where irrigation
ensures that SM is never the limiting factor for vegetation development. Thus, in regions
where soil moisture is consistently maintained within an optimal range, such as in wet
years or under irrigation, its role as a limiting factor is reduced, and therefore its influence
on the triggering of spring green-up is expected to be less pronounced.

4.6. Limitations of Conducted Tests

The main limitations of the conducted test are described and justified in the following
paragraphs. The first limitation is that the data are from a single season. Data may be
limited due to a rainy period during the trial or to particularly low or high temperatures
in this year, which can affect model accuracy in other periods. Nevertheless, given the
microclimatic variation in temperature across plots and the large number of plots, the data
can be considered representative of the trends expected in the future. While the use of RGB
imagery under varying illumination conditions may affect vegetation indices, steps were
taken to ensure consistency in image acquisition. Additionally, some of the indices used
(GLI and Canopeo) are relatively robust to moderate changes in lighting. Therefore, the
results should be interpreted with caution, particularly when considering absolute values.

In addition to the aforementioned limitations, temperature levels were not indepen-
dently replicated; each microclimatic block represents a single realisation of each condition.
Therefore, the presented results should be interpreted as strong evidence of temperature-
associated patterns rather than definitive causal effects. Nevertheless, the results of the
spring green-up comparison among different turfgrass species within each block are ro-
bust to this limitation, allowing for a reliable assessment of interspecific differences in
phenological responses.

Other limitations include the inclusion of a single cultivar of each of the studied
species, which might limit the applicability of these conclusions and the obtained models to
other cultivars of the same species. We have conducted our study with two of the newest,
which are currently commercialised in Spain. In future work, we will include data on
additional cultivars of C4 turfgrasses.

5. Conclusions
Microclimatic gradients in urban areas are important, and multiple surrounding

surfaces affect temperature ranges. In turfgrass, these microclimatic gradients affect spring-
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up and need to be considered in the design and management of urban green areas. In this
paper, we have evaluated the effect of a microclimatic temperature gradient induced by a
wall perpendicular to the main wind direction in winter.

Our results indicate that, for cool-season turfgrasses, the studied temperature gradient
delayed the onset of spring green-up by 1 month. On the contrary, differences in the timing
of spring green-up in warm-season turfgrasses were lower. Nonetheless, in both cool-
season and warm-season, the microclimatic temperature range affected the homogeneity of
spring green-up, which was lower in the coldest sector. The lowest temperatures might
affect the canopy of cool-season seeds and might cause winterkill in Z. matrella cultivar
Zorro. No effects have been found on the homogeneity of spring green-up on previously
established cool-season turfgrasses and on C. dactylon × C. transvaalensis Texoma (OKC1876).
Mathematical models of spring green-up, when compared with accumulated temperature,
showed a good fit, as indicated by R2 values. The best model to predict the complete green
coverage of the plots is the one based on the Canopeo index. Meanwhile, the best models
for estimating the moment at which warm-season turfgrasses reach the colouration of cool-
season turfgrasses were those based on the proposed greenness index. Data obtained via
the GLI accurately demonstrate their capacity to phenotype the species and to differentiate
among temperature gradient sectors, as shown by multifactorial ANOVAs.

In future work, the impact of summer water stress on the spring green-up process
and the possible benefits of natural-based products in accelerating it for warm-season
turfgrasses will be studied. Moreover, additional data will be collected to validate these
models in other locations characterised by different climates and to assess the impact of
photoperiod on the start and end points of spring green-up.
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Appendix A

Table A1. Average values and assigned groups for multifactorial ANOVA for different dates using
green canopy coverage tool. Different lowercase letters indicate significant differences (LSD test,
p < 0.05).

Date C Z R T p-Value S1 S2 S3 p-Value

31 January 2025 0.0119333 a 0.0058111 a 0 a 88.3545 b 0.0000 19.367 22.6418 24.2704 0.4223

14 February 2025 0 a 0.00013 a 0 a 40.2471 b 0.0450 2.40838 9.80213 17.9749 0.4219

28 February 2025 0.447689 a 0.398657 a 4.66383 a 98.302 b 0.0000 28.5453 25.2224 24.0914 0.3280

14 March 2025 2.62442 a 6.22158 a 27.3509 a 99.971 b 0.0005 44.7762 29.0557 28.294 0.2609

28 March 2025 8.2702 a 8.97807 a 39.3158 a 90.543 b 0.0061 42.9647 38.4241 28.9415 0.6053

4 April 2025 5.03533 a 3.37268 a 55.9775 b 99.9362 c 0.0007 49.8008 41.4632 31.9773 0.3252

11 April 2025 97.4524 b 24.8552 a 78.5935 b 99.4975 b 0.0006 78.8062 77.6975 68.7953 0.4334

22 April 2025 99.3639 b 75.7128 a 97.9845 b 96.3394 b 0.0076 95.3773 91.4255 90.2477 0.4753

28 April 2025 99.217 b 87.2804 a 98.5573 b 99.9557 b 0.0691 97.9892 97.5044 93.2642 0.4200

5 May 2025 99.8733 b 89.9163 a 99.4275 b 99.9792 b 0.0724 98.1773 98.8445 94.8756 0.4297

12 May 2025 98.4159 ab 88.3818 a 89.2069 ab 99.7559 b 0.0839 96.971 94.4988 90.3505 0.2930

19 May 2025 92.5972 91.8002 91.7359 99.3103 0.4038 94.0939 96.2874 91.2014 0.5141

5 June 2025 89.5445 94.6713 90.0108 90.439 0.6795 80.0426 a 94.1265 b 99.3302 b 0.0072

Table A2. Average values and assigned groups for multifactorial ANOVA for different dates using
adapted greenness index values. Different lowercase letters indicate significant differences (LSD test,
p < 0.05).

Date C Z R T p-Value S1 S2 S3 p-Value

31 January 2025 0.165095 a 0.418733 b 0.435819 b 0.931378 c 0.0000 0.521749 0.409425 0.448537 0.8752

14 February 2025 0.199528 a 0.410594 b 0.520651 c 0.97828 d 0.0000 0.576863 0.536898 0.468029 0.0504

28 February 2025 0.142072 a 0.342335 b 0.368251 b 0.986956 c 0.0000 0.521749 0.409425 0.448537 0.1533

14 March 2025 0.357771 a 0.582361 b 0.590951 b 0.996797 c 0.0008 0.650761 0.722823 0.522325 0.0527

28 March 2025 0.924572 a 0.979052 ab 0.920121 a 0.999165 b 0.0444 0.966886 0.964438 0.935858 0.3429

4 April 2025 0.780347 0.870193 0.857546 0.997943 0.0560 0.923846 b 0.950876 b 0.7548 a 0.0186

11 April 2025 0.905426 ab 0.837879 a 0.925137 ab 0.993311 b 0.0274 0.955222 0.919517 0.871575 0.0926

22 April 2025 0.897241 0.953549 0.97622 0.983295 0.0635 0.94663 0.950952 0.960146 0.8429

28 April 2025 0.999188 b 0.997944 ab 0.995086 a 0.99967 b 0.0429 0.998328 0.998201 0.997387 0.6740

5 May 2025 0.760772 0.978102 0.985657 0.997848 0.2168 0.844255 0.971455 0.976075 0.3769

12 May 2025 0.980085 0.956422 0.979042 0.995242 0.2716 0.992991 0.975004 0.965099 0.2540

19 May 2025 0.742733 0.891417 0.645526 0.910489 0.0277 0.792922 ab 0.887146 b 0.712556 a 0.0767

5 June 2025 0.79483 a 0.925982 b 0.879433 b 0.948546 b 0.0087 0.850188 0.902381 0.909023 0.1187

https://doi.org/10.3390/urbansci10060310

https://doi.org/10.3390/urbansci10060310


Urban Sci. 2026, 10, 310 32 of 35

Table A3. Average values and assigned groups for multifactorial ANOVA for different dates using
adapted homogeneity index values. Different lowercase letters indicate significant differences (LSD
test, p < 0.05).

Date C Z R T p-Value S1 S2 S3 p-Value

31 January 2025 −0.515907 a 0.00127343 b 0.150733 b 0.929484 c 0.0000 0.127986 0.133036 0.163165 0.8354

14 February 2025 −0.439512 a −0.0101314 b 0.327393 c 0.98139 d 0.0000 0.301912 0.245509 0.0969337 0.0648

28 February 2025 −0.54168 a −0.169054 b −0.0074552 b 0.991234 c 0.0001 0.210785 −0.0377963 0.0317953 0.1360

14 March 2025 −0.059368 a 0.364342 b 0.430189 b 0.998821 c 0.0014 0.483625 b 0.603444 b 0.21342 a 0.0374

28 March 2025 0.903695 0.975678 0.885741 0.999006 0.0656 0.956363 0.957841 0.908886 0.3114

4 April 2025 0.735502 0.857682 0.817244 0.9975 0.0775 0.923493 b 0.94695 b 0.685503 a 0.0164

11 April 2025 0.939153 0.811151 0.910371 0.991927 0.0668 0.967378 0.919392 0.852681 0.1162

22 April 2025 0.951188 0.950502 0.981054 0.983201 0.2710 0.968574 0.959268 0.971616 0.7638

28 April 2025 0.99972 0.997585 0.994302 0.999986 0.1590 0.997617 0.997911 0.998167 0.9646

5 May 2025 0.662587 0.981412 0.98927 0.998929 0.4151 0.74815 0.986725 0.989273 0.4035

12 May 2025 0.986304 0.951509 0.983261 0.99756 0.3285 0.992832 0.982791 0.963352 0.3965

19 May 2025 0.662215 b 0.83795 c 0.435793 a 0.886607 c 0.0055 0.694806 ab 0.834948 b 0.587169 a 0.0326

5 June 2025 0.799143 a 0.92109 b 0.888252 b 0.943298 b 0.0292 0.832822 0.908318 0.922697 0.0579

Table A4. Average values and assigned groups for multifactorial ANOVA for different dates using
GLI values. Different lowercase letters indicate significant differences (LSD test, p < 0.05).

Date C Z R T p-Value S1 S2 S3 p-Value

31 January 2025 0.0184556 a 0.0131889 a 0.0207111 a 0.0207111 b 0.0000 0.0575584 0.0543834 0.0492416 0.5203

14 February 2025 0.0188889 a 0.0158831 a 0.0198111 a 0.112955 b 0.0000 0.0464999 0.0382707 0.0408832 0.3742

28 February 2025 0.0211889 a 0.0374889 a 0.0317222 a 0.170811 b 0.0000 0.0796166 b 0.0622167 ab 0.054075 a 0.0459

14 March 2025 0.0743321 a 0.0811554 a 0.073211 a 0.213756 b 0.0000 0.130525 b 0.101799 a 0.0995166 a 0.0312

28 March 2025 0.0453444 a 0.0464778 a 0.0630445 a 0.122922 b 0.0002 0.0834333 b 0.0662418 a 0.0586667 a 0.0282

4 April 2025 0.0716778 a 0.0707 a 0.115255 b 0.193822 c 0.0000 0.12595 b 0.12125 b 0.0913916 a 0.0113

11 April 2025 0.142166 b 0.091 a 0.152756 b 0.235022 c 0.0001 0.167108 0.156158 0.142442 0.1349

22 April 2025 0.111945 a 0.131533 a 0.1735 a 0.238078 b 0.0102 0.171109 0.159642 0.160542 0.8484

28 April 2025 0.101678 a 0.112889 a 0.139333 b 0.178244 c 0.0016 0.142425 0.126883 0.1298 0.2817

5 May 2025 0.107622 a 0.165544 b 0.186745 c 0.244845 d 0.0000 0.166808 0.177442 0.184317 0.0679

12 May 2025 0.193178 b 0.168044 a 0.191322 b 0.237855 c 0.0018 0.197991 0.187241 0.207567 0.1192

19 May 2025 0.0928446 a 0.1544 b 0.143644 b 0.184711 c 0.0000 0.146033 b 0.132308 a 0.153358 b 0.0183

5 June 2025 0.1304 ab 0.168511 a 0.128633 c 0.151433 bc 0.0124 0.128475 a 0.146016 ab 0.159741 b 0.0194
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