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ABSTRACT

Rapid urbanization in Calabar is increasing heat stress, but detailed evidence on how urban trees control
microclimate remains scarce. This study measured temperature and relative humidity (RH) beneath four
common urban tree species in Calabar using a temperature and relative humidity meter. Data were collected
from Azadirachta indica, Albizia lebbeck, Delonix regia, and Terminalia mantaly canopies, as well as from
nearby open areas, during morning and afternoon periods. Linear mixed-effects models revealed strong daily
fluctuations: afternoon temperatures were 3.22°C higher than in the morning (SE = 0.20; p < 0.001), while RH
decreased by 9.36% (SE = 0.41; p < 0.001). Canopy shading consistently moderated these effects, lowering
temperature by 0.81°C (SE = 0.20; p < 0.001) and raising RH by 2.52% (SE = 0.41; p < 0.001). Differences
between species were generally minor; Azadirachta indica was slightly cooler than Albizia lebbeck (—0.408°C;
p = 0.044) and showed a smaller afternoon RH decrease (+1.52%; p = 0.009). Most interactions were not
significant, suggesting microclimate effects were broadly similar across species. The models accounted for a
large portion of variation (Temperature marginal R?2 = 0.78; RH marginal R? = 0.91). Although boundary
(singular) fits and short-term sampling limit the broad applicability of species-specific results, diagnostics
confirmed the reliability of key fixed effects. Overall, the findings show that canopy cover, more than species
type, determined microclimate buffering in Calabar and emphasize the importance of expanding and preserving

urban tree cover to reduce heat.
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INTRODUCTION

Urban areas across Nigeria are expanding rapidly, driven by
population growth, infrastructure development, and
accelerating land-use change (Oyeniyi et al., 2025). As
vegetation is replaced with impervious surfaces, cities such as
Calabar may be exposed to elevated daytime temperatures,
reduced atmospheric humidity, and diminished human
thermal comfort (Seun et al., 2022). These warming trends,
intensified by climate change, lead to more heat-related
illnesses and a greater risk for the elderly and children
(Olawade et al., 2025). In this context, urban heat stress poses
both environmental and public health challenges that require
immediate and evidence-based interventions. Urban trees are
among the most effective and low-cost nature-based solutions
for mitigating urban heat and improving human comfort
(Morakinyo et al, 2013). Through shading,
evapotranspiration, and modification of wind and radiation
fluxes, trees significantly influence microclimatic variables
such as air temperature and relative humidity (Meili et al.,
2020). Microclimate, defined as the set of atmospheric
conditions in a small, localized area, is strongly shaped by
vegetation structure and landscape configuration (De Frenne
etal., 2021; Kemppinen et al., 2024). Numerous studies show
trees buffer extreme temperatures and increase humidity
beneath their crowns, creating cooler, more comfortable
microenvironments in urban areas (De Frenne et al., 2021;
Feng et al., 2023). However, the microclimatic benefits
provided by trees are not uniform. They vary markedly among
species due to differences in canopy architecture, leaf area,
transpiration rates, stomatal conductance, and other
morphological or physiological traits (Sanusi et al., 2016;
Zhao et al., 2020; Richter et al., 2022). Recent work shows
that within the same climate, individual species create distinct
microclimatic niches affecting human comfort, ecosystem
processes, and urban biodiversity (Feng et al., 2023). These
effects are crucial for climate-responsive urban planning, yet
they are often overlooked in greening programmes across

developing countries, including Nigeria. Understanding how
microclimate varies among commonly planted tree species is
essential for informed species selection and effective urban
forestry planning. Species offering better cooling and
humidity regulation improve thermal comfort, cut heat-
related health risks, reduce cooling energy, and support
biodiversity by creating favorable microhabitats (Zhang et al.,
2022). Despite recognition of the cooling and humidifying
benefits of urban trees (Mohammed & Mustapha, 2026;
Pattnaik et al., 2024), empirical data on species microclimate
regulation in Calabar remain limited. In Calabar, available
research has largely examined carbon storage, floristic
composition, or general urban forest structure (Ononyume &
Edu, 2025), with little attention given to thermal and humidity
variation beneath different tree species. As a result, urban
greening initiatives commonly assume all trees provide
similar microclimatic benefits. This leads to planting
decisions that may be suboptimal for mitigating heat stress or
enhancing urban resilience. To address this gap, this study
aimed to quantify microclimate variation, specifically
temperature and relative humidity, around four widely planted
urban tree species in Calabar. The objectives are to assess
diurnal patterns in temperature and relative humidity under
and outside tree shade, to compare the microclimatic effects
of the four selected species, and to identify species-level
differences.

MATERIALS AND METHODS

Study Design

The study was carried out in February 2025 in Calabar,
located at 4.9757° N, 8.3417° E. Four locations were
randomly selected from the OpenStreetMap layer in QGIS
version 3.44.4, Solothurn, including Atimbo, Etta Agbor,
Ekpo Abasi, and Ikot Effanga. A preliminary reconnaissance
survey was conducted to delineate major roads with
substantial tree cover within the study areas. This assessment
revealed that four species were consistently the most

FUDMA Journal of Sciences (FJS) Vol. 10 No. 6, March, 2026, pp 45 — 53

45


mailto:martinononyume@unical.edu.ng
https://doi.org/10.33003/fjs-2026-1006-4249

MICROCLIMATE VARIATION AMONG... Ogheneriruona and Edu

prevalent across these locations. Consequently, these species
were selected for detailed sampling. The total number of
eligible trees per species was counted along each road. For
each species, a random starting point was generated (using a
random number between 1 and k), and every k-th tree of that
species was chosen for sampling until five trees per species
were selected. If a selected tree was inaccessible due to
obstructions, restricted access, or unsafe conditions, the next
eligible tree of the same species was selected.

Tree Measurements

For each tree, paired measurements (under-canopy and open
reference) were taken twice daily (between 8-10 am and 12
noon to 2 pm) using a digital temperature and relative
humidity meter (Sper Scientific, USA). At each measurement,
the sensor was allowed to stabilize for at least 60 seconds
before recording. The order of measurements on each tree was
randomized daily to reduce time-of-day bias. Sampling
occurred over five nonconsecutive days, resulting in
approximately 20 paired observations per tree. All
measurements were taken at a consistent height of 1.5 meters
above ground. The under-canopy measurement was taken 0.5
meters from the trunk. The open reference site was located
outside the canopy dripline (>5 meters) and was not shaded
by nearby trees or structures. All data were recorded to the
nearest +1 °C for temperature and +5% for relative humidity.

Data Analysis
All analyses were performed in R (version 4.4.3). Linear
mixed-effects models (LMMs) were used to investigate the
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effects of location (open space vs. under canopy), species, and
time of day on temperature and relative humidity. The overall
model structure was:

Responseik = Ro + BiLocationi + R2Speciesj + R3Timex +
(1|Tree ID) + €

Where Tree ID was included as a random effect to account for
repeated measurements on the same individual tree, the
models were fitted using the Ime4 package, and p-values for
the fixed effects were obtained using the ImerTest package.
Model assumptions, including normality and
homoscedasticity of residuals, were visually assessed using
residual-versus-fitted and Q-Q plots. Estimated marginal
means (EMMs) were obtained using the emmeans package,
and pairwise comparisons among species and locations were
adjusted using the Tukey method. Data visualization was
conducted with ggplot2.

RESULTS AND DISCUSSION

The raw distributions of temperature and relative humidity
(RH) were plotted to visualize unadjusted patterns across
species, canopy position (Open vs Under), and time of day
(Morning vs Afternoon) (Figures 1 and 2). The plots reveal
apparent diurnal differences, with afternoon temperatures
generally higher and relative humidity lower than in the
morning. Additionally, measurements taken under the canopy
tend to be cooler and more humid than those in open areas.
These patterns provided a clear rationale for applying mixed-
effects models to formally quantify the effects of species,
time, and canopy position on microclimate conditions.
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Figure 2: Relative Humidity Distributions by Species, Position, and Time

The temperature model indicated that measurements taken in
the afternoon were considerably warmer than those in the
morning, with temperatures rising by an average of 3.22°C
(SE=0.20; t=15.91; p <0.001; 95% CI approximately 2.82—
3.61) after controlling for species and position. Temperatures
recorded under the canopy were significantly cooler than in
nearby open areas, showing an average decrease of 0.81°C
(SE=0.20;t=-4.00; p <0.001; 95% CI approximately —1.21
to —0.41). Compared to Albizia lebbeck, Azadirachta indica
displayed slightly lower temperatures (Estimate = —0.41°C,
SE = 0.20; t = —2.02; p = 0.044), while Delonix regia and
Terminalia mantaly did not significantly differ (D. regia: p =

0.29; T. mantaly: p = 0.07). None of the two-way or three-way
interactions (Species x Time, Species x Position, Time x
Position, or Species x Time x Position) was significant (all p
> 0.10), indicating consistent effects of time of day and
canopy position across species. (Table 1). In the relative
humidity model, humidity was markedly lower in the
afternoon, decreasing by an average of 9.36 percentage points
(SE=0.41;

t = —22.86; p < 0.001; 95% CI approximately —10.16 to
—8.56). Canopy measurements showed significantly higher
relative humidity than open areas, with a difference of 2.52
percentage points

Table 1: Estimated Effects, Test Statistics, and 95% Confidence Intervals for Temperature Model Terms

Effect  Term Estimate Std.error  Statistic  df p.value  Conf.low Conf.high

fixed (Intercept) 27.93 0.3 93.01 805 0 27.24 28.62

fixed Tree_speciesAzadirachta_indica -0.41 0.2 -2.02 395 0.04 -0.81 -0.01

fixed Tree_speciesDelonix_regia -0.21 0.2 -1.05 395 0.29 -0.61 0.18

fixed Tree_speciesTerminalia_mantaly -0.37 0.2 -1.84 395 0.07 -0.77 0.02

fixed TimeAfternoon 3.22 0.2 15.91 395 0 2.82 3.61

fixed PositionUnder -0.81 0.2 -4 395 0 -1.21 -0.41
Tree_speciesAzadirachta_indica:Ti

fixed meAfternoon 0.27 0.29 0.94 395 0.35 -0.29 0.83
Tree_speciesDelonix_regia: TimeAf

fixed ternoon 0.03 0.29 0.11 395 0.91 -0.53 0.59
Tree_speciesTerminalia_mantaly:Ti

fixed meAfternoon 0.24 0.29 0.86 395 0.39 -0.32 0.81
Tree_speciesAzadirachta_indica:Po

fixed sitionUnder 0.12 0.29 041 395 0.68 -0.45 0.68
Tree_speciesDelonix_regia:Position

fixed Under 0.14 0.29 0.51 395 0.61 -0.42 0.71
Tree_speciesTerminalia_mantaly:P

fixed ositionUnder 0.1 0.29 0.34 395 0.74 -0.47 0.66

fixed TimeAfternoon:PositionUnder 0.1 0.29 0.34 395 0.74 -0.47 0.66
Tree_speciesAzadirachta_indica:Ti

fixed meAfternoon:PositionUnder -0.04 04 -0.1 395 0.92 -0.84 0.75
Tree_speciesDelonix_regia: TimeAf

fixed ternoon:PositionUnder -0.08 0.4 -0.19 395 0.85 -0.87 0.72
Tree_speciesTerminalia_mantaly:Ti

fixed meAfternoon:PositionUnder -0.02 0.4 -0.05 395 0.96 -0.82 0.77

(SE =0.41; t=6.15; p < 0.001; 95% CI approximately 1.72—
3.32). There were no significant differences among species
compared to Albizia lebbeck in the main effects (all p > 0.17),

but the Azadirachta indica x Afternoon interaction was
substantial (Estimate = +1.52% relative humidity, SE = 0.579;
t = 2.63; p = 0.009), suggesting the afternoon decrease in
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humidity was smaller for A. indica (—7.84%). All other
interactions were not significant (Table 2). The temperature
model explained a significant amount of variation (marginal
R2 = 0.78; conditional R2 = 0.88), with minimal variation
between trees but notable variation across days (Table 2). The
relative humidity model explained most of the variance
(marginal R2 = 0.91; conditional Rz = 0.92), with the random
effect of TreelD contributing modestly and an interclass
correlation coefficient of approximately 0.081 (Table 3).

The estimated marginal means revealed consistent
microclimate patterns, driven mainly by time of day and
canopy cover. Temperature was always lower under tree
canopies than in open areas, with the strongest differences
occurring in the afternoon. Morning temperatures ranged
from 27.5-27.9°C in open areas and 26.8-27.1°C under
canopies, while afternoon temperatures increased sharply to
30.96-31.14°C in the open but remained cooler under
canopies (30.32-30.43°C). Species differences in temperature

FJS

were modest, with Albizia lebbeck slightly warmer and
Azadirachta indica and Terminalia mantaly slightly cooler
across positions and times (Table 4). Relative humidity
showed the opposite pattern: canopies consistently enhanced
RH relative to open sites at both times of day. Morning
relative humidity ranged from 82.5-83.5% in open areas but
increased to 85.0-86.3% under canopies, representing a 2.5—
3.0 percentage-point rise. Afternoon relative humidity
declined overall yet remained higher beneath canopies (75.4—
76.6%) than in open areas (73.7-74.7%). Species differences
were again minor but consistent, with Delonix regia showing
slightly higher relative humidity levels and Azadirachta
indica and Terminalia mantaly exhibiting lower values.
Collectively, these results demonstrate that tree canopies
reliably buffer the microclimate by reducing temperatures and
increasing moisture, with pronounced diurnal shifts but
relatively minor species-level variation (Table 5)

Table 2: Estimated Effects, Test Statistics, and 95% Confidence Intervals for Relative Humidity Model Terms

Effect Term Estimat Std.error  Statistic  df p.valu  Confl _Conf.h
e e ow igh

fixed (Intercept) 83.2 0.35 239.29 81.78 0.00 8251  83.89

fixed Tree_speciesAzadirachta_indica  -0.68 0.49 -1.38 81.78 0.17 -1.66 0.30

fixed Tree_speciesDelonix_regia 0.28 0.49 0.57 81.78 0.57 -0.70 1.26
Tree_speciesTerminalia_mantal

fixed vy -0.4 0.49 -0.81 81.78 0.42 -1.38 0.58

fixed  TimeAfternoon -9.36 0.41 -22.86 380.00 0.00 -10.17 -8.55

fixed PositionUnder 2.52 0.41 6.15 380.00 0.00 1.71 3.33
Tree_speciesAzadirachta_indica

fixed :TimeAfternoon 1.52 0.58 2.62 380.00 0.01 0.38 2.66
Tree_speciesDelonix_regia:Tim

fixed eAfternoon -0.44 0.58 -0.76 380.00 0.45 -1.58 0.70
Tree_speciesTerminalia_mantal

fixed y:TimeAfternoon 0.52 0.58 0.90 380.00 0.37 -0.62 1.66
Tree_speciesAzadirachta_indica

fixed :PositionUnder 7E-14 0.58 0.00 380.00 1.00 -1.14 1.14
Tree_speciesDelonix_regia:Posit

fixed ionUnder 0.28 0.58 0.48 380.00 0.63 -0.86 1.42
Tree_speciesTerminalia_mantal

fixed  y:PositionUnder -0.2 0.58 -0.35 380.00 0.73 -1.34 0.94

fixed  TimeAfternoon:PositionUnder -0.56 0.58 -0.97 380.00 0.33 -1.70 0.58
Tree_speciesAzadirachta_indica

fixed :TimeAfternoon:PositionUnder -0.08 0.82 -0.10 380.00 0.92 -1.69 153
Tree_speciesDelonix_regia:Tim

fixed eAfternoon:PositionUnder -0.52 0.82 -0.63 380.00 0.53 -2.13 1.09
Tree_speciesTerminalia_mantal

fixed y:TimeAfternoon:PositionUnder  0.32 0.82 0.39 380.00 0.70 -1.29 1.93

Table 3: Marginal and Conditional R? Values and Tree-level Intraclass Correlation for each Response Variable

Response Marginal R? Conditional R? ICC Tree
Temperature 0.78 0.88 0
Relative humidity 0.91 0.92 0.081

Table 4: Estimated Marginal Means (EMMs) of Temperature across Species, Position, and Time of Day

Tree species Time Position emmean SE df lower.CL  upper.CL
Albizia lebbeck Morning Open 27.93 0.33 10.05 27.19 28.66
Azadirachta indica Morning Open 27.52 0.33 10.05 26.79 28.25
Delonix regia Morning Open 27.72 0.33 10.05 26.98 28.45
Terminalia mantaly Morning Open 27.56 0.33 10.05 26.82 28.29
Albizia lebbeck Afternoon Open 31.14 0.33 10.05 30.41 31.88
Azadirachta indica Afternoon Open 31.00 0.33 10.05 30.27 31.74
Delonix regia Afternoon Open 30.96 0.33 10.05 30.23 31.70
Terminalia mantaly Afternoon Open 31.02 0.33 10.05 30.28 31.75
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Tree species Time Position emmean SE df lower.CL upper.CL
Albizia lebbeck Morning Under 27.12 0.33 10.05 26.39 27.85
Azadirachta indica Morning Under 26.83 0.33 10.05 26.09 27.56
Delonix regia Morning Under 27.05 0.33 10.05 26.32 27.79
Terminalia mantaly Morning Under 26.84 0.33 10.05 26.11 27.58
Albizia lebbeck Afternoon Under 30.43 0.33 10.05 29.70 31.17
Azadirachta indica Afternoon Under 30.37 0.33 10.05 29.63 31.10
Delonix regia Afternoon Under 30.32 0.33 10.05 29.59 31.05
Terminalia mantaly Afternoon Under 30.38 0.33 10.05 29.65 31.11

Table 5: Estimated Marginal Means (EMMs) of Relative Humidity across Species, Position, and Time of Day
Tree Species Time Position emmean SE df Lower CL  Upper CL
Albizia lebbeck Morning Open 83.2 0.371 99.625 82.464 83.936
Azadirachta indica Morning Open 82.52 0.371 99.625 81.784 83.256
Delonix regia Morning Open 83.48 0.371 99.625 82.744 84.216
Terminalia mantaly ~ Morning Open 82.8 0.371 99.625 82.064 83.536
Albizia lebbeck Afternoon  Open 73.84 0.371 99.625 73.104 74.576
Azadirachta indica  Afternoon Open 74.68 0.371 99.625 73.944 75.416
Delonix regia Afternoon  Open 73.68 0.371 99.625 72.944 74.416
Terminalia mantaly ~ Afternoon  Open 73.96 0.371 99.625 73.224 74.696
Albizia lebbeck Morning Under 85.72 0.371 99.625 84.984 86.456
Azadirachta indica Morning Under 85.04 0.371 99.625 84.304 85.776
Delonix regia Morning Under 86.28 0.371 99.625 85.544 87.016
Terminalia mantaly ~ Morning Under 85.12 0.371 99.625 84.384 85.856
Albizia lebbeck Afternoon  Under 75.8 0.371 99.625 75.064 76.536
Azadirachtaindica  Afternoon  Under 76.56 0.371 99.625 75.824 77.296
Delonix regia Afternoon  Under 75.4 0.371 99.625 74.664 76.136
Terminalia mantaly ~ Afternoon  Under 76.04 0.371 99.625 75.304 76.776

Pairwise Tukey-adjusted contrasts between species within
each Time x Position combination showed that most species
pairs did not differ significantly under any microclimatic
condition. Across all morning/afternoon and open/under-
canopy combinations, adjusted comparisons mostly revealed
non-significant differences, indicating broad similarity
among species once time of day and position were accounted
for. The only clear species-level differences aligned with the
main-effect results: Azadirachta indica showed slightly
cooler temperatures than the reference species Albizia
lebbeck, and its decline in relative humidity from morning to
afternoon was slightly smaller. Aside from these effects, no
additional species contrasts remained statistically significant
after multiple-comparison adjustment (Tables 6 and 7).

Model diagnostics indicated boundary (singular) fit warnings
for both models, reflecting random-effect components that
were not fully estimable. In the temperature model, the

TreelD random-intercept variance was effectively zero,
suggesting that after accounting for species, time of day, and
position, between-tree differences in temperature were
negligible. However, day-to-day variation captured by the
Date random effect remained evident. In contrast, the RH
model retained a modest TreelD variance component (ICC =
0.081), indicating a small but detectable contribution of
between-tree differences to relative humidity variability.
Given these warnings, random intercepts were retained. Still,
fixed-effect interpretations were made cautiously, and all
reported results derive from identifiable model components
supported by diagnostic checks. Residual simulations and
residual-versus-fitted plots (Figures 3 and 4) did not reveal
significant violations of homoscedasticity or normality,
suggesting that the primary fixed-effect estimates remain
valid despite the singular fits.

Table 6: Pairwise Contrasts from the Linear Mixed-effects Temperature Model showing the Effects of Time and

Position
Contrast Time Position  Estimate SE df tratio p.value
Albizia lebbeck - Azadirachta indica Morning Open 0.41 021 19820 198 0.20
Albizia lebbeck - Delonix regia Morning Open 0.21 0.21 19820 1.03 0.73
Albizia lebbeck - Terminalia mantaly Morning Open 0.37 021 19820 181 0.27
Azadirachta indica - Delonix regia Morning Open -0.20 0.21 19820 -0.95 0.78
Azadirachta indica - Terminalia mantaly ~ Morning Open -0.04 0.21 19820 -0.17 1.00
Delonix regia - Terminalia mantaly Morning Open 0.16 0.21 198.20 0.78 0.87
Albizia lebbeck - Azadirachta indica Afternoon Open 0.14 0.21 198.20 0.68 0.90
Albizia lebbeck - Delonix regia Afternoon Open 0.18 0.21 198.20 0.87 0.82
Albizia lebbeck - Terminalia mantaly Afternoon Open 0.13 0.21 198.20 0.62 0.93
Azadirachta indica - Delonix regia Afternoon Open 0.04 0.21 198.20 0.19 1.00
Azadirachta indica - Terminalia mantaly ~ Afternoon Open -0.01 0.21 198.20 -0.06 1.00
Delonix regia - Terminalia mantaly Afternoon Open -0.05 021 19820 -0.25 0.99
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Contrast Time Position  Estimate SE df tratio p.value
Albizia lebbeck - Azadirachta indica Morning Under 0.29 021 19820 142 0.49
Albizia lebbeck - Delonix regia Morning Under 0.07 021 19820 0.33 0.99
Albizia lebbeck - Terminalia mantaly Morning Under 0.28 021 19820 1.34 0.54
Azadirachta indica - Delonix regia Morning Under -0.22 021 19820 -1.09 0.70
Azadirachta indica - Terminalia mantaly ~ Morning Under -0.02 021 198.20 -0.08 1.00
Delonix regia - Terminalia mantaly Morning Under 0.21 021 19820 1.01 0.74
Albizia lebbeck - Azadirachta indica Afternoon Under 0.06 0.21 19820 0.31 0.99
Albizia lebbeck - Delonix regia Afternoon Under 0.11 021 19820 0.54 0.95
Albizia lebbeck - Terminalia mantaly Afternoon Under 0.05 021 19820 0.25 0.99
Azadirachta indica - Delonix regia Afternoon Under 0.05 021 19820 0.23 1.00
Azadirachta indica - Terminalia mantaly ~ Afternoon Under -0.01 0.21 198.20 -0.06 1.00
Delonix regia - Terminalia mantaly Afternoon Under -0.06 021 19820 -0.29 0.99

Table 7: Pairwise Contrasts from the Linear Mixed-effects Relative Humidity Model showing the Effects of Time and

Position
Contrast Time Position  Estimate SE df tratio p.value
Albizia lebbeck - Azadirachta indica Morning Open 0.68 0.52 10091 1.30 0.57
Albizia lebbeck - Delonix regia Morning Open -0.28 0.52 10091 -0.53 0.95
Albizia lebbeck - Terminalia mantaly Morning Open 0.40 0.52 10091 0.76 0.87
Azadirachta indica - Delonix regia Morning Open -0.96 0.52 10091 -1.83 0.26
Azadirachta indica - Terminalia mantaly  Morning Open -0.28 0.52 100.91 -0.53 0.95
Delonix regia - Terminalia mantaly Morning Open 0.68 0.52 100.91 1.30 0.57
Albizia lebbeck - Azadirachta indica Afternoon  Open -0.84 0.52 100.91 -1.60 0.38
Albizia lebbeck - Delonix regia Afternoon  Open 0.16 0.52 10091 0.31 0.99
Albizia lebbeck - Terminalia mantaly Afternoon  Open -0.12 0.52 100.91 -0.23 1.00
Azadirachta indica - Delonix regia Afternoon  Open 1.00 0.52 10091 191 0.23
Azadirachta indica - Terminalia mantaly ~ Afternoon ~ Open 0.72 0.52 10091 1.37 0.52
Delonix regia - Terminalia mantaly Afternoon  Open -0.28 0.52 100.91 -0.53 0.95
Albizia lebbeck - Azadirachta indica Morning Under 0.68 0.52 100.91 1.30 0.57
Albizia lebbeck - Delonix regia Morning Under -0.56 0.52 100.91 -1.07 0.71
Albizia lebbeck - Terminalia mantaly Morning Under 0.60 0.52 10091 1.14 0.66
Azadirachta indica - Delonix regia Morning Under -1.24 0.52 100.91 -2.36 0.09
Azadirachta indica - Terminalia mantaly Morning Under -0.08 0.52 100.91 -0.15 1.00
Delonix regia - Terminalia mantaly Morning Under 1.16 0.52 10091 221 0.13
Albizia lebbeck - Azadirachta indica Afternoon  Under -0.76 0.52 10091 -1.45 0.47
Albizia lebbeck - Delonix regia Afternoon  Under 0.40 0.52 100.91 0.76 0.87
Albizia lebbeck - Terminalia mantaly Afternoon  Under -0.24 0.52 100.91 -0.46 0.97
Azadirachta indica - Delonix regia Afternoon Under 1.16 0.52 10091 221 0.13
Azadirachta indica - Terminalia mantaly ~ Afternoon  Under 0.52 0.52 100.91 0.99 0.75
Delonix regia - Terminalia mantaly Afternoon  Under -0.64 0.52 100.91 -1.22 0.62
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Figure 4: Residual-Versus-Fitted and Q-Q Plots for Relative Humidity

The combined temperature and humidity models reveal a
consistent and ecologically coherent pattern of microclimate
regulation in urban tree environments, with time of day and
shading position exerting far stronger influences than
interspecific differences (Feng et al., 2023). The pronounced
afternoon warming (+3.2°C) and concurrent decline in
relative humidity (—9.4%) highlight the strong diurnal forcing
characteristic of tropical urban climates, where high solar load
and declining atmospheric moisture combine to amplify
thermal stress (Lefevre et al., 2025). In this context, even
modest canopy-mediated buffering, cooling of ~0.8°C, and
humidification of ~2.5 percentage points represent a
meaningful microclimatic service, particularly given the
compact scale of individual-tree environments. These results
align with substantial literature showing that shading and
evapotranspiration  from urban  vegetation produce
measurable, localized cooling and humidity stabilization (Yu
et al., 2025). This suggests that even small canopy patches can
contribute to thermal comfort and to moderating the
microclimate in densely developed tropical cities (Zhou et al.,
2024).

Species-level  differences were comparatively minor,
indicating that the microclimatic benefits observed here were
largely structural rather than taxon-specific. However,
Azadirachta indica showed slightly cooler temperatures and a
less sharp decline in relative humidity, likely due to its dense
crown and ongoing transpiration during peak heat (Lin et al.,
2024). Similar reports by Huang et al. (2020) documented a
substantial cooling effect in Wuhan, China, where sites with
high tree canopy cover were up to 3.3 °C cooler at midday
than open streets. While relative humidity differences were
not quantified, the authors noted a clear improvement in
overall thermal comfort, underscoring the importance of
canopy cover in densely built environments. In Indonesia,
Fadhlurrahman and Nasrullah (2020) found that canopy
structure variations significantly affected microclimate.
Among seven tree species, canopy temperatures ranged from
33.7-35.7 °C, lower than in open areas, with denser canopies
cooling more. Relative humidity increased with canopy
density, indicating a positive relationship between leaf area
index and humidity (y = 8.14x + 48.25), highlighting how

canopy complexity influences local moisture. Evidence from
South America supports these patterns. In Brazil, Pereira et
al. (2021) found that lawns had a midday heat index of 43.9
°C, while tree-covered areas had lower thermal loads. Though
humidity wasn't specified, the lower heat index suggests that
shading, evapotranspiration, and moisture retention reduce
heat. The high marginal R? values for both models underscore
the dominance of environmental conditions, time of day, and
canopy position in shaping microclimate. Also, the near-zero
TreelD variance in the temperature model indicates that
individual-tree differences contribute little beyond species
and structural context. By contrast, the modest TreelD effect
in the RH model (ICC = 0.081) suggests that the trees exert
slightly greater individual influence on humidity than on
temperature, plausibly through transpiration dynamics (Chen
et al., 2024). The presence of measurable but slight day-to-
day variation also supports the idea that broader atmospheric
conditions modulate the benefits of microclimate (J. Zhang et
al., 2022), underscoring that tree-driven cooling and
humidification interact with, rather than replace, ambient
climatic forces. Despite these findings, several limitations
temper the strength of the inferences. First, the singular
(boundary) fit warnings indicate that some random-effect
components, particularly the TreelD intercept in the
temperature model, were not fully estimable. Diagnostics
showed no major violations, but boundary fits suggest a
simplified model, warranting cautious interpretation,
especially concerning subtle between-tree differences.
Second, although measurements were taken under realistic
field conditions, they reflect short-term snapshots rather than
continuous monitoring, meaning that the results may not
capture the full spectrum of microclimatic variability, such as
cloud cover dynamics, wind patterns, or seasonal shifts, that
could alter canopy effects. Third, the study assessed a limited
set of species typical of the study area. In contrast, these
species are operationally crucial in West African cities; they
do not encompass the global diversity of urban trees, and thus
the generalizability of species-level comparisons beyond
similar tropical environments remains constrained. Finally,
the spatial scale of measurement (individual-tree under-
canopy and adjacent open points) captures fine-scale
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microclimates but not neighborhood-scale thermal dynamics,
which are increasingly recognized as critical for urban heat
resilience planning. Taken together, the findings show that
urban trees in tropical environments reliably reduce
temperature and humidity at micro scales, with canopy
presence consistently providing cooling and humidifying
effects across species (Jayasooriya et al., 2024). While
differences between species were relatively minor, the clear
benefit of Azadirachta indica highlights opportunities to
include species with more stable transpiration patterns in
targeted microclimate strategies. Future research using
continuous microclimate loggers, broader species selections,
and multi-seasonal observations will help refine these
insights, improve their applicability, and support the
development of a greener, more thermally resilient urban
landscape in Calabar.

CONCLUSION

Urban trees in Calabar provide consistent microclimatic
benefits by cooling the environment and slightly increasing
humidity, with time of day and canopy position exerting the
most significant influence on local conditions. While species
differences were minimal, Azadirachta indica showed
marginally better performance, suggesting that canopy
structure drives microclimate regulation. The study provides
evidence from Calabar, highlighting the importance of even
small canopy patches for improving thermal comfort and
supporting climate-resilient urban planning. However,
limitations such as a short sampling duration, model boundary
fits, and a limited species set mean that the findings should be
interpreted cautiously. Broader, longer-term studies are
needed to refine these insights and strengthen urban forestry
strategies in Calabar.

REFERENCES

Chen, X., Li, Z., Wang, Z., Li, J., & Zhou, Y. (2024). The
impact of different types of trees on annual thermal comfort
in hot summer and cold winter areas. Forests, 15(11), 1880.
https://doi.org/10.3390/f15111880

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B. R,
Zellweger, F., Aalto, J., Ashcroft, M. B., Christiansen, D. M.,
Decocq, G., De Pauw, K., Govaert, S., Greiser, C., Gril, E.,
Hampe, A., Jucker, T., Klinges, D. H., Koelemeijer, 1. A.,
Lembrechts, J. J., Marrec, R., . .. Hylander, K. (2021). Forest
microclimates and climate change: Importance, drivers and
future research agenda. Global Change Biology, 27(11),
2279-2297. https://doi.org/10.1111/gch.15569

Fadhlurrahman, M. M., & Nasrullah, N. (2020). Study of
Thermal Comfort under The Shade of Varied Tree Canopy
Form and Distance from The Stem. IOP Conference Series
Earth and Environmental Science, 501(1), 012048.
https://doi.org/10.1088/1755-1315/501/1/012048

Feng, X., Wen, H., He, M., & Xiao, Y. (2023). Microclimate
effects and influential mechanisms of four urban tree species
underneath the canopy in hot and humid areas. Frontiers in
Environmental Science, 11.
https://doi.org/10.3389/fenvs.2023.1108002

Huang, Z., Wu, C., Teng, M., & Lin, Y. (2020). Impacts of
tree canopy cover on microclimate and human thermal
comfort in a shallow street canyon in Wuhan, China.
Atmosphere, 11(6), 588.
https://doi.org/10.3390/atmos11060588

FJS

Jayasooriya, V., Sirimanne, A., Silva, R., & Muthukumaran,
S. (2024). Role of urban trees in enhancing the thermal
comfort of rapidly urbanizing cities: An analysis of tropical
Asian tree species based on physiological equivalent
Temperature (PET). Arboriculture & Urban Forestry, 50(5),
326-345. https://doi.org/10.48044/jauf.2024.014

Kemppinen, J., Lembrechts, J. J., Van Meerbeek, K.,
Carnicer, J., Chardon, N. I., Kardol, P., Lenoir, J., Liu, D.,
Maclean, 1., Pergl, J., Saccone, P., A, R., Senior, Shen, T.,
Stowinska, S., Vandvik, V., Von Oppen, J., Aalto, J., Ayalew,
B., Bates, O., . . . De Frenne, P. (2024). Microclimate, an
important part of ecology and biogeography. Global Ecology
and Biogeography, 33(6). https://doi.org/10.1111/geb.13834

Lefevre, A., Malet-Damour, B., Boyer, H., & Riviere, G.
(2025). Urban heat island in the tropics: A review of
advances, challenges, and future directions. City and
Environment Interactions, 28, 100265.
https://doi.org/10.1016/j.cacint.2025.100265

Lin, C., Wu, Z,, Li, H., Huang, J., & Huang, Q. (2024).
Comprehensive analysis on the thermal comfort of various
greening forms: a study in hot-humid areas. Environmental
Research Communications, 6(2), 025010.
https://doi.org/10.1088/2515-7620/ad277e

Meili, N., Manoli, G., Burlando, P., Carmeliet, J., Chow, W.
T., Coutts, A. M., Roth, M., Velasco, E., Vivoni, E. R., &
Fatichi, S. (2020). Tree effects on urban microclimate:
Diurnal, seasonal, and climatic temperature differences
explained by separating radiation, evapotranspiration, and
roughness effects. Urban Forestry & Urban Greening, 58,
126970. https://doi.org/10.1016/j.ufug.2020.126970

Mohammed, H. I., & Mustapha, M. (2026). Urban growth and
thermal environment dynamics in Kaduna, Nigeria: land use
change, UHI, UTFVI, and A novel vegetation cooling
efficiency index. FUDMA Journal of Sciences, 10(1), 1-14.
https://doi.org/10.33003/fjs-2026-1001-4116

Morakinyo, T. E., Balogun, A. A., & Adegun, O. B. (2013).
Comparing the effect of trees on thermal conditions of two
typical urban buildings. Urban Climate, 3, 76-93.
https://doi.org/10.1016/j.uclim.2013.04.002

Olawade, D. B., McLaughlin, M., Adeniji, Y. J., Egbon, G.
0., Rahimi, A., & Boussios, S. (2025). Urban Microclimates
and Their Relationship with Social Isolation: A Review.
International Journal of Environmental Research and Public
Health, 22(6), 909. https://doi.org/10.3390/ijerph22060909

Ononyume, M. O., & Edu, E. A. B. (2025). Assessment of
growth, biomass, and carbon sequestration potential of three
urban tree species in Calabar. Journal of Wildlife and
Biodiversity, 9(3), 436-449.
https://doi.org/10.5281/zenodo.17390404

Oyeniyi, M. A., Odunsi, O. M., Rienow, A., & Edler, D.
(2025). Spatiotemporal analysis of land use change and urban
heat island effects in Akure and Osogbo, Nigeria between
2014 and 2023. Climate, 13(4), 68.
https://doi.org/10.3390/cli13040068

Pattnaik, N., Honold, M., Franceschi, E., Moser-Reischl, A.,
Rotzer, T., Pretzsch, H., Pauleit, S., & Rahman, M. A. (2024).
Growth and cooling potential of urban trees across different

FUDMA Journal of Sciences (FJS) Vol. 10 No. 6, March, 2026, pp 45 — 53

52


https://doi.org/10.3390/f15111880
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1088/1755-1315/501/1/012048
https://doi.org/10.3389/fenvs.2023.1108002
https://doi.org/10.3390/atmos11060588
https://doi.org/10.48044/jauf.2024.014
https://doi.org/10.1111/geb.13834
https://doi.org/10.1016/j.cacint.2025.100265
https://doi.org/10.1088/2515-7620/ad277e
https://doi.org/10.1016/j.ufug.2020.126970
https://doi.org/10.33003/fjs-2026-1001-4116
https://doi.org/10.1016/j.uclim.2013.04.002
https://doi.org/10.3390/ijerph22060909
https://doi.org/10.5281/zenodo.17390404
https://doi.org/10.3390/cli13040068

MICROCLIMATE VARIATION AMONG... Ogheneriruona and Edu

of Environmental
121242.

levels of imperviousness. Journal
Management, 361,
https://doi.org/10.1016/j.jenvman.2024.121242

Pereira, M. H., Isidorio, C. B., Jasmim, J. M., & Pereira, M.
E. C. (2021). Reduction of apparent temperature under urban
trees in a hot-humid green area. Scientific Electronic
Archives, 14(5), 65-72.
https://doi.org/10.36560/14520211333

Richter, R., Ballasus, H., Engelmann, R. A., Zielhofer, C.,
Sanaei, A., & Wirth, C. (2022). Tree species matter for forest
microclimate regulation during the drought year 2018:
disentangling environmental drivers and biotic drivers.
Scientific Reports, 12(1), 17559.
https://doi.org/10.1038/s41598-022-22582-6

Sanusi, R., Johnstone, D., May, P., & Livesley, S. J. (2016).
Microclimate benefits that different street tree species provide
to sidewalk pedestrians relate to differences in Plant Area
Index. Landscape and Urban Planning, 157, 502-511.
https://doi.org/10.1016/j.landurbplan.2016.08.010

Seun, A. ., Ayodele, A. P., Koji, D., & Akande, S. O. (2022).
The potential impact of increased urbanization on land surface
temperature over South-West Nigeria. Current Research in
Environmental Sustainability, 4, 100142.
https://doi.org/10.1016/j.crsust.2022.100142

FJS

Yu, H., Zahidi, ., & Fai, C. M. (2025). Mitigating Urban Heat
Islands (UHI) through vegetation restoration: Insights from
mining communities. Global Challenges, 9(3), 2400288.
https://doi.org/10.1002/gch2.202400288

Zhang, J., Zhang, F., Gou, Z., & Liu, J. (2022). Assessment
of macroclimate and microclimate effects on outdoor thermal
comfort via artificial neural network models. Urban Climate,
42,101134. https://doi.org/10.1016/j.uclim.2022.101134

Zhang, S., Landuyt, D., Verheyen, K., & De Frenne, P.
(2022). Tree species mixing can amplify microclimate offsets
in young forest plantations. Journal of Applied Ecology,
59(6), 1428-1439. https://doi.org/10.1111/1365-2664.14158

Zhao, D., Lei, Q., Shi, Y., Wang, M., Chen, S., Shah, K., &
Ji, W. (2020). Role of species and planting configuration on
transpiration and microclimate for urban trees. Forests, 11(8),
825. https://doi.org/10.3390/f11080825

Zhou, S., Yu, Z., Ma, W., Yao, X., Xiong, J., Ma, W., Xiang,
S., Yuan, Q., Hao, Y., Xu, D., Wang, B., & Zhao, B. (2024).
Vertical canopy structure dominates cooling and thermal
comfort of urban pocket parks during hot summer days.
Landscape and Urban Planning, 254, 105242.
https://doi.org/10.1016/j.landurbplan.2024.105242

©2026 This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0
International license viewed via https://creativecommons.org/licenses/by/4.0/ which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is cited appropriately.

oNolel

FUDMA Journal of Sciences (FJS) Vol. 10 No. 6, March, 2026, pp 45 — 53 53


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jenvman.2024.121242
https://doi.org/10.36560/14520211333
https://doi.org/10.1038/s41598-022-22582-6
https://doi.org/10.1016/j.landurbplan.2016.08.010
https://doi.org/10.1016/j.crsust.2022.100142
https://doi.org/10.1002/gch2.202400288
https://doi.org/10.1016/j.uclim.2022.101134
https://doi.org/10.1111/1365-2664.14158
https://doi.org/10.3390/f11080825
https://doi.org/10.1016/j.landurbplan.2024.105242

