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Abstract

Anthropogenic activities have increased CO, emissions, elevating global tempera-
tures and disrupting rainfall patterns, thus affecting crop productivity. This study
examines the photosynthetic performance of Zea mays under elevated temperatures
(25°C and 30°C) and CO, levels (400 and 700 ppm) in two cropping systems: mono-
culture and an agroforestry system combining Z. mays with Neolamarckia cadamba.
The experiment consisted of three water treatments: P1 (low rainfall), P2 (normal
rainfall), and P3 (high rainfall), each with four replicates, giving a total of 12 pots
per cropping system and 36 pots overall across the three experimental conditions.
Key photosynthetic parameters measured were CO, assimilation rate (A), stomatal
conductance (Gs), transpiration rate (E), and water use efficiency. Results revealed
that Z. mays in the agroforestry system under normal rainfall, 25°C, and 700 ppm
CO, recorded the highest net assimilation rate. This is likely due to favorable micro-
climatic conditions provided by the tree canopy, including better moisture retention
and reduced heat stress. In contrast, the lowest photosynthetic performance occurred
under low rainfall (P1), higher temperature (30°C), and ambient CO, concentration
(400 ppm). Under these stress conditions, stomatal conductance declined signifi-
cantly, restricting CO, uptake and reducing photosynthetic efficiency. These findings
suggest that agroforestry systems could help mitigate the negative impacts of climate
change on crop productivity. Integrating trees with crops could enhance photosyn-
thetic performance under future climate scenarios, supporting sustainable agriculture
and food security.

Plain Language Summary
Human activities have increased CO, levels and global temperatures, causing

changes in rainfall and reducing water availability for crops. This study tested how

Abbreviations: CRD, completely randomized design; PAR, photosynthetically active radiation; WUE, water use efficiency.
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1 | INTRODUCTION

Climate change has become a major driver of environmental
change of environmental degradation, negatively impacting
plant germination, growth and biodiversity. Over the past
two decades, anthropogenic activities such as the burning of
fossil fuels, deforestation, and industrialization have exacer-
bated these effects, leading to an increase in greenhouse gas
emissions and global warming. According to the Intergovern-
mental Panel on Climate Change, global surface temperatures
have continued to rise at an unprecedented rate, with increas-
ing frequency and intensity of extreme weather events, posing
significant risks to agricultural systems and food security
worldwide (Slangen et al., 2022). Such climatic changes have
profound effects on agriculture, such as changes in crop phe-
nology, shortened growing seasons, soil degradation, and
increased occurrence of extreme weather events (World Bank,
2005)

Increased atmospheric carbon dioxide (CO,) concentra-
tions, a hallmark of climate change, can influence plant physi-
ological processes. While elevated CO, levels often stimulate
photosynthesis, particularly in C; plants, the response in
C, species such as Zea mays (maize) is more complex. Z.
mays is a C4 crop species, and its photosynthetic response
to elevated atmospheric CO, differs from that of C; plants.
While increased CO, can enhance photosynthesis by improv-
ing carbon fixation efficiency, responses in C, species such as
maize are often limited and context-dependent (Abebe et al.,
2016). Elevated CO, may temporarily increase photosyn-
thetic rates, but this effect can be constrained by physiological
acclimation, reduced stomatal conductance, and changes in
leaf nitrogen content. Studies have shown that elevated CO,
can increase the photosynthetic rates of maize by improv-
ing the efficiency of carbon fixation. However, this effect
may be transient due to physiological acclimation and feed-
back mechanisms (Kirschbaum, 2011). In addition, increased
CO, can lead to a reduction in stomatal conductance and
leaf nitrogen content, potentially offsetting the initial gains in
photosynthetic performance (Ainsworth & Rogers, 2007)

Temperature is another important factor that influences
plant physiology. Elevated temperatures can affect enzyme
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maize (Zea mays) responds to different temperatures (25°C and 30°C), CO, levels
(400 and 700 ppm), and rainfall (low, normal, and high) in two setups: monoculture
and with Neolamarckia cadamba (agroforestry). Results showed that maize grew best
in the agroforestry system under normal rainfall, 25°C, and high CO,, likely due to
better shade and soil moisture. In contrast, maize in monoculture under low rainfall,
30°C, and low CO, performed poorly. These findings suggest that agroforestry can

help crops cope with climate stress and support future food security.

activity, membrane stability, and general metabolic rates. For
example, the activity of Rubisco activase, an enzyme impor-
tant for carbon fixation, is sensitive to heat and can become a
limiting factor under high temperatures (Yamori & von Caem-
merer, 2009). In addition, elevated temperatures can disrupt
the balance between photosynthesis and respiration, lowering
net carbon gain and ultimately reducing crop yield (Heskel
etal., 2014).

In the context of sustainable agriculture, the integration of
agroforestry practices has been proposed as a strategy to mit-
igate the negative effects of climate change. Neolamarckia
cadamba (Kelempayan), a fast-growing tropical tree species,
has attracted attention for its potential role in agroforestry sys-
tems. Its integration with crops such as maize can improve
soil fertility, enhance microclimatic conditions, and poten-
tially influence the physiological performance of companion
plants (Aman, 2006; Karyati et al., 2021). However, few stud-
ies have examined the interactions between N. cadamba and
maize, particularly under varying CO, concentrations and
temperature regimes.

This study evaluated the effects of temperature, CO, con-
centration, and rainfall on the photosynthetic performance of
Z. mays grown in monoculture and in an agroforestry system
with N. cadamba. By analyzing key physiological parame-
ters such as net CO, assimilation rate, transpiration rate (E),
stomatal conductance, and water use efficiency (WUE), the
potential benefits and challenges of such agroforestry sys-
tems under changing climate conditions will be highlighted.
The results will contribute to the development of climate-
resilient agricultural practices that improve crop productivity
and sustainability.

2 | MATERIALS AND METHODS

2.1 | Study area

The experiment was conducted in a shelter house at the Fac-
ulty of Resource Science and Technology, Universiti Malaysia
Sarawak, Kota Samarahan, Sarawak, Malaysia. Tempera-
ture and relative humidity inside the shelter house were
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not actively controlled but continuously monitored using a
hygrometer, with recorded values ranging from 26°C to 31°C
and 71% to 76%, respectively. Neolamarckia cadamba and
Z. mays were grown in the shelter house to minimize pest
infestation and to ensure uniform sunlight and water sup-
ply. The temperature range in the shelter was 26°C-31°C
with a humidity of 71%-76%, which was determined using
a hygrometer.

2.2 | Planting process

Seedlings of N. cadamba were obtained through tissue cul-
ture and transplanted into pots with a diameter of 0.4 m and
a depth of 0.3 m. Topsoil and chicken manure were used as
growth media in a volume ratio of 4:1. After the seedlings of
N. cadamba had reached a height of 20-30 cm, the seeds of Z.
mays were planted directly into the pots and planted simulta-
neously with N. cadamba. The experiment was arranged in a
completely randomized design (CRD), with cropping system
(monoculture and agroforestry) treated as an experimental
factor rather than a blocking factor. The experiment consisted
of three precipitation treatments, each replicated four times.
The treatments are listed below:

1. Treatment 1: High precipitation X 4 replicates.
2. Treatment 2: Normal precipitation X 4 replicates.
3. Treatment 3: Low precipitation X 4 replicates.

In this experiment in the CRD, the factors include a division
into three groups: N. cadamba and Z. mays as agroforestry,
only Z. mays as a crop, and only N. cadamba as a tree.

2.3 | Photosynthetic performance
measurement under temperature activation

For each treatment, photosynthetic measurements were con-
ducted on three fully expanded leaves per pot. With four
replicated pots per treatment, this resulted in a total of 12
leaf-level measurements for each treatment combination. This
was done using a portable open-flow gas exchange system
equipped with a 2 X 3 cm chamber and a light-emitting diode
lamp as light source (LI-6400XT, LICOR). Photosynthetic
light-response (A-Li) curves of the leaves were developed
under a series of increasing values of photosynthetic photon
flux density of 10, 40, 60, 120, 250, 500, 1000, 1500, and
1800 umol (photons) m~2 s~! and a maintained intercellular
CO, concentration of 400 ppm in the chamber. The temper-
ature of the leaf in the chamber was set to two values, either
25°C or 30°C, as the mean leaf temperature at the study sites
ranged from 26.5°C to 29.0°C (Ibrahim et al., 2020). Net CO,
assimilation rates (A; umol CO, m m™2 s_l), stomatal con-
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ductance (Gs; mol HyO m~2 s~!) and E(mmol H,O m~2 s~1)
were determined directly from the portable gas exchange sys-
tem, while WUE (umol CO, mmol (HQO)_l) was calculated
from the A/E ratio.

2.4 | Photosynthetic performance
measurement under CO, activation

Photosynthetic performance under CO, activation was mea-
sured using the same gas exchange system and light-response
protocol as described for temperature activation. Measure-
ments were conducted at a constant leaf temperature of 25°C,
while intercellular CO, concentration was set at either 400
or 700 ppm. The intercellular CO, concentration was set
to two values, either 400 or 700 ppm within the chamber
(Ibrahim et al., 2020). Net CO, assimilation rates (A; pmol
CO, m~2 s~!), stomatal conductance (Gs; mol H,O m2s71)
and E (mmol H,O m~2 s~ 1) were determined directly from the
portable gas exchange system, while WUE (umol CO, mmol
(HQO)‘I) was calculated from the A/E ratio.

2.5 | Statistical analysis

A three-way analysis of variance was used to assess the
interactions between water precipitation and temperature or
internal CO, concentration on the variables of instanta-
neous gas exchange efficiencies (net CO, assimilation rate
[A], transpiration rate [E], stomatal conductance [Gs], and
WUE). Significant differences were then further analyzed
using Tukey tests. An unpaired #-test was used to analyze sig-
nificant differences between temperatures (25°C and 30°C)
and internal CO, concentrations (400 and 700 ppm). For each
treatment, measurements were based on four replicated pots,
with three leaves sampled per pot. Thus, statistical analyses
were conducted using pot-level means (n = 4 per treatment).
All statistical analyses were performed using the Statistical
Analysis System version 9.2.

3 | RESULTS

3.1 | Photosynthetic assimilation response
under different temperatures and agroforestry
system

The photosynthetic light-response curves revealed clear
effects of precipitation and temperature on net CO, assimila-
tion in both species. Zea mays exhibited higher photosynthetic
performance at 25°C than at 30°C, particularly under nor-
mal and high precipitation (P3). Low rainfall combined with
elevated temperature consistently reduced assimilation rates,
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Photosynthetic light response (A-Li) curves of only Zea mays (only crop) under three precipitation patterns, P1: Low precipitation,

P2: Normal precipitation, and P3: High precipitation, measured at a constant intercellular CO, concentration of 400 ppm and leaf temperature of

either 25°C or 30°C. Symbols for square represent P1: low precipitation, and pyramid represents P2: normal precipitation and diamond represents P3:

high precipitation. PPFD, photosynthetic photon flux density.

especially at low light levels. In contrast, agroforestry con-
ditions moderated these stress effects, resulting in higher
assimilation under favorable moisture conditions. Detailed
numerical values are presented in the corresponding figures.

Figure 1 illustrates that the photosynthetic light-response
(A-Li) curves of Z. mays varied markedly with precipitation
and temperature. At 25°C, low precipitation (P1) constrained
photosynthesis under low light, indicating strong light limita-
tion under drought stress, whereas normal and P3 supported
higher assimilation. Under moderate to high light, P1 and P3
generally achieved higher assimilation than normal precipi-
tation (P2). At 30°C, drought stress effects were amplified,
with P1 showing negative assimilation at low light. Across
light levels, P3 consistently supported higher photosynthetic
performance than P2, particularly under elevated temperature,
while P2 tended to plateau at high irradiance.

Figure 2 shows that Z. mays showed a higher overall
photosynthetic performance at a moderate temperature of
25°C compared to 30°C in all precipitation treatments. Under
low light conditions, Z. mays exposed to P1 showed con-
trasting responses depending on temperature. At 25°C, P1
recorded a positive net assimilation rate at low photosynthet-
ically active radiation (PAR), whereas at 30°C, assimilation
under P1 was negative, indicating strong temperature—water
stress interaction. These results confirm that the apparent high
initial assimilation under P1 occurred only under moderate
temperature conditions.

Neolamarckia cadamba showed a clear response to both
precipitation and temperature across treatments. At 25°C,
photosynthetic performance was relatively stable across pre-
cipitation levels, although low and high rainfall slightly
constrained assimilation at low light. At 30°C, temperature
sensitivity became more pronounced, with P2 supporting the
highest assimilation rates, while low and P3 reduced perfor-
mance. In Figure 3, N. cadamba exhibited a typical saturating
A-Li response, with net photosynthesis increasing with light
and approaching a plateau at 1000—1500 umol photons m~>
s~! at 25°C. Precipitation significantly influenced the magni-
tude of assimilation, with low and normal rainfall supporting
higher photosynthetic rates than high rainfall at moderate light

levels. At 30°C, temperature sensitivity became more pro-
nounced, and P2 resulted in the highest assimilation across all
treatments, while both low and P3 constrained photosynthetic
performance.

Figure 4 shows that N. cadamba exhibited saturating
photosynthetic light-response curves across all precipitation
treatments at 25°C. Photosynthetic performance increased
with irradiance under all rainfall conditions, although P3
showed reduced assimilation at low light but the highest
rates at high irradiance. At 30°C, temperature-precipitation
interactions became more pronounced. P2 supported the high-
est photosynthetic performance across light levels, while both
low and P3 constrained assimilation at low light but recovered
under high irradiance.

3.2 | Photosynthetic gas exchange of Z. mays
under monoculture system and agroforestry
system (A-Li curve at 25°C and 30°C, 400 ppm
CO,)

Analysis of gas exchange parameters of Z. mays revealed
significant effects of precipitation, temperature, and crop-
ping system on net CO, assimilation (A), transpiration (E),
stomatal conductance (G,), and WUE (Table 1). Agroforestry
systems consistently showed higher A and WUE under P1,
particularly at elevated temperatures, indicating improved
drought resilience compared with monoculture. In contrast,
monocultures exhibited higher E and G, reflecting greater
water loss under stress conditions. Significant interactions
among precipitation, temperature, and system confirmed that
agroforestry moderated the negative effects of combined heat
and water stress on maize physiological performance.

3.3 | Photosynthetic gas exchange of Z. mays
under monoculture and agroforestry system
(A-Li curve at 400 and 700 ppm CO,)

The effects of precipitation, CO, concentration, and crop-
ping system on the gas exchange parameters of Z. mays
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FIGURE 2 Photosynthetic light response (A-Li) curves of Zea mays (Agroforestry) under precipitation patterns, P1: Low precipitation, P2:
Normal precipitation, and P3: High precipitation, measured at a constant intercellular CO, concentration of 400 ppm and leaf temperature of either
25°C or 30°C. Symbols for square represent P1: Low precipitation, pyramid represents P2: Normal precipitation, and diamond represents P3: High
precipitation. PPFD, photosynthetic photon flux density.
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FIGURE 3 Photosynthetic light response (A-Li) curves of Neolamarckia cadamba (only tree) under three precipitation patterns. P1: Low
precipitation, P2: Normal precipitation, and P3: High precipitation measured at a constant intercellular CO, concentration of 400 ppm and leaf
temperature of either 25°C or 30°C. Note: symbols for square represent P1: low precipitation, pyramid represents P2: normal precipitation, and
diamond represents P3: high precipitation. PPFD, photosynthetic photon flux density.
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FIGURE 4 Photosynthetic light response (A-Li) curves of Neolamarckia cadamba (agroforestry) under three precipitation patterns, P1: Low
precipitation, P2: Normal precipitation, and P3: High precipitation, measured at a constant intercellular CO, concentration of 400 ppm and leaf
temperature of either 25°C or 30°C. Symbols for square represent P1: low precipitation, pyramid represent P2: normal precipitation, and diamond
represents P3: high precipitation. PPFD, photosynthetic photon flux density.

summarized in Table 2. Net CO, assimilation (A) was sig- 3.4 | Photosynthetic gas exchange of N.
nificantly influenced by precipitation and agricultural system, cadamba in monoculture system and

with a significant three-way interaction indicating that CO, agroforestry system (A-Li curve at 25°C and
effects depended on both rainfall and system type. Under  30°C, 400 ppm)

P1, monoculture generally showed higher A, whereas under

P3, agroforestry benefited more from elevated CO,. E was ~ Table 3 present the effects of precipitation, temperature,
StI'OIlgly affected by precipitation and C02 concentration, and Cropping System on gas exchange parameters of N.
with agroforestry showing greater variability and a reduction cadamba. Net CO, assimilation (A) was primarily influenced
in E under elevated CO, at high rainfall. Stomatal conduc- by temperature and its interaction with precipitation, with
tance (Gs) exhibited no main treatment effects but showed a significant three-way interaction indicating that tempera-
a precipitation-dependent response to CO,. WUE displayed  ture effects depended on both rainfall and system type. At

clear system-specific patterns, with monoculture perform-  25°C, monocultures generally showed higher assimilation
ing better under low to normal rainfall, while agroforestry under normal and P3, whereas agroforestry performed
achieved higher WUE under P3 at elevated CO,. better under P1. This advantage diminished at 30°C, where
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assimilation declined across both systems, indicating
increased temperature sensitivity.

E was significantly affected by precipitation, temperature,
and system, with monocultures generally exhibiting higher E
than agroforestry, except under P2 at elevated temperature.
Stomatal conductance (Gs) showed precipitation- and system-
dependent responses, with agroforestry maintaining higher
Gs under P2 at 30°C, while monoculture showed a decline.
WUE was mainly driven by the interaction between precipi-
tation and system, with agroforestry achieving higher WUE
under P1, although this advantage was reduced under normal
rainfall.

3.5 | Photosynthetic gas exchange of N.
cadamba under monoculture system and
agroforestry system (A-Li curve at 400 and
700 ppm CO,)

Table 4 reveals the effects of precipitation, CO, concentra-
tion, and cropping system on the gas exchange responses of
N. cadamba. Net CO, assimilation (A) was significantly influ-
enced by precipitation, with contrasting responses to elevated
CO, depending on rainfall conditions. In monoculture, assim-
ilation was generally higher at ambient CO, under low and P2,
whereas elevated CO, enhanced A under P3. In contrast, agro-
forestry systems showed relatively stable assimilation across
CO, levels, indicating lower sensitivity to CO, variation.

E was strongly affected by precipitation, with monocul-
tures exhibiting greater variability and higher E under low
rainfall and elevated CO,. Agroforestry systems maintained
more stable transpiration across CO, treatments, suggest-
ing improved regulation of water loss. Stomatal conductance
(Gs) responded primarily to precipitation, with monocultures
showing stronger CO,-dependent shifts than agroforestry.

WUE was mainly driven by precipitation and its interac-
tion with cropping system and CO,. Monocultures achieved
higher WUE under ambient CO, at low and P2, whereas agro-
forestry systems attained comparatively higher WUE under
P3 at elevated CO,.

4 | DISCUSSION

4.1 | Interactive effects of temperature and
precipitation on photosynthetic light response
in Z. mays and N. cadamba

In the present study, the influence of temperature and precip-
itation on the photosynthetic light response (A-Li curves) of
Z. mays and N. cadamba was investigated under two tempera-
ture conditions (25°C and 30°C) and three water treatments
(P1-P3) in both monocultures and agroforestry systems.
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Significant interactions between precipitation and tempera-
ture were found in the photosynthetic performance of both
species, reflecting differential physiological responses across
environmental gradients. These interactive effects confirm
our hypothesis that precipitation, temperature, and crop-
ping system jointly regulate photosynthetic performance, with
agroforestry providing greater physiological buffering under
combined heat and water stress.

For Z. mays in monoculture at 25°C, the light response
curves showed that P1 resulted in an assimilation rate of
13.99 pumol CO, m~2 s~! at 10 PAR, which increased to
29.99 pmol CO, m~2 s~! up to 500 PAR and then reached a
plateau (~29.83 at 1800 PAR). In contrast, P2 and P3 showed
significantly lower assimilation at higher PAR: P2 reached
only 19.14 pmol CO, m~2 s~! at 1000 PAR and stagnated
at 18.21, while P3 gradually increased to 20.05 at 1000-1800
PAR. The observed increase in photosynthetic performance
under mild water stress is consistent with previous stud-
ies showing that moderate stress can enhance photosynthetic
efficiency through improved stomatal regulation and opti-
mization of carbon fixation (Ainsworth & Long, 2020; Blum,
2017; Chaves et al., 2009; Flexas et al., 2016).

At 30°C, the influences of precipitation shifted signifi-
cantly. In P1, assimilation at 10 PAR fell into the negative
range (—1.61 pmol CO, m~2 s~!) and increased to a reduced
assimilation at strong light of 13.53 umol CO, m~2 s7!,
underlining a detrimental interaction between precipitation
and temperature. In contrast, P2 showed a robust recovery:
6.05 at 10 PAR, increasing to 25.67 at 250 PAR and stabiliz-
ing at 18-22 umol CO, m~2 s~! (500-1500 PAR). P3 mirrors
this pattern with a moderate peak (~23.25 at 1800 PAR).
These data reflect the central role of soil moisture in maintain-
ing photosynthesis under heat stress and support the findings
that adequate water mitigates stomatal limitations and thermal
impairment in maize (Z. mays) under elevated temperatures
(Simiyu et al., 2021). The interaction between temperature
and precipitation was notable as the differences in the mag-
nitude of photosynthetic rate and saturation PAR between P1
and P2/P3 were steeper at 30°C, implying that maize physio-
logical plasticity is modulated by both water availability and
heat stress. This agrees with Fan et al. (2024), who found that
temperature enhances stomatal closure under drought, thereby
increasing the decline in assimilation efficiency.

The photosynthetic response of N. cadamba to temperature
and precipitation appears to be primarily regulated by stom-
atal behavior and internal carbon balance. Under adequate
moisture, elevated temperature enhanced carbon assimilation,
likely through improved stomatal conductance and enzy-
matic activity (Cheah & Teh, 2020). In contrast, precipitation
extremes constrained photosynthesis, probably due to stom-
atal closure under water stress or increased photorespiratory
losses under excess moisture. Similar physiological mecha-
nisms have been reported for tropical woody species under
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combined heat and water stress (Didaran et al., 2024; Y. Wang
et al., 2023). A significant precipitation effect was found,
suggesting that N. cadamba is less affected by moderate
moisture fluctuations at 25°C but shows a suppressive
response at extreme temperatures.

At 30°C the reaction shifted considerably. P1 started at 0.77
and increased to 19.12 until saturation; P2 started at 8.25 and
reached an impressive 26.56 at 1800 PAR; P3 started negative
(—1.95) but climbed to 16.13. The increased initial assimi-
lation in P2 shows an interaction between temperature and
precipitation, as optimal moisture allows for increased pho-
tosynthetic capacity upon warming, likely through improved
stomatal conductance and enzymatic efficiency (Ainsworth &
Long, 2020). Similar patterns were seen in the A—Ci curves
in agroforestry systems compared to monocultures. Zea mays
showed weak CO, responsiveness (700 ppm), consistent with
C, physiology, but N. cadamba showed improved perfor-
mance when ambient CO, was supplemented with balanced
rainfall, suggesting that CO,-precipitation interactions are
important in the physiology of tropical agroforestry trees.

Maize (Z. mays) shows optimal assimilative capacity under
mild drought and moderate temperatures (25°C), but this
advantage is reversed under heat stress, with better perfor-
mance under normal or high rainfall. Neolamarckia cadamba
shows minimal variation at 25°C but exhibits increased pho-
tosynthesis under warming conditions when water supply is
optimal, indicating synergistic temperature X precipitation
effects. The interactions between precipitation and temper-
ature are strong in both species, confirming that water
availability significantly alters responses to heat stress. The
system context (monoculture vs. agroforestry) further modu-
lated the responses. Although the detailed A—Ci data extend
beyond this section, previous studies (Ainsworth & Long,
2020) suggest that agroforestry increases resilience by reg-
ulating the microclimate, which is consistent with our results
in tree culture systems.

Ecologically, maintaining sufficient moisture becomes crit-
ical as temperatures rise. Cultivation strategies that integrate
irrigation or drought-resistant varieties into monocultures can
mimic the benefits of agroforestry systems. Conversely, agro-
forestry with N. cadamba can buffer heat drought stress and
increase ecosystem resilience.

4.2 | Net CO, assimilation responses to
precipitation, temperature, and CO, in
monoculture and agroforestry systems

This study also investigated how precipitation patterns (low,
normal, and high), temperature (25°C and 30°C), CO, con-
centration (400 ppm and 700 ppm), and agriculture system
(monoculture vs. agroforestry) jointly affect photosynthetic
gas exchange of Z. mays and N. cadamba. The key variables,
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net CO, assimilation rate (A), E, stomatal conductance (Gy),
and WUE, showed significant main effects and interactions
(precipitation X temperature, precipitation X system, temper-
ature X system, and precipitation X temperature X system),
indicating complex plant responses under climate stressors.

In Z. mays, net CO, assimilation rate (A) was significantly
affected by precipitation, temperature, and system, with a
strong three-way interaction (P X T X S: F=42.89, p < 0.001).
Under low rainfall, maize in agroforestry achieved signif-
icantly higher A (31.88 + 2.11 at 25°C; 40.68 + 2.92 at
30°C) than in monoculture (22.54 + 2.70; 18.28 + 3.37).
This is consistent with the results of Hussain et al. (2020),
which demonstrated increased photosynthetic performance in
shaded or integrated agriculture systems under drought. The
significant P X T interaction illustrates how increased tem-
perature suppresses A more strongly in monocultures under
drought, while agroforestry buffers this effect. This is also
consistent with the findings of H. Wang et al. (2024), who
reported that diversified systems mitigate heat effects through
microclimate mitigation.

In the monoculture under CO, environment, maize A
showed a significant P X C X S interaction (F = 6.85,
p < 0.05). Under low rainfall, A decreased from 21.26 + 3.68
(400 ppm) to 16.57 = 2.63 (700 ppm) in the monoculture,
indicating decreasing gains with CO, enrichment. This is
consistent with C, maize, which has a limited response to
CO, fertilization (Leakey, 2009; Liu et al., 2022). Conversely,
agroforestry showed an increase in A at 700 ppm during high
rainfall, likely due to improved microclimate and moisture
buffering (Sneha Dobhal et al., 2024). Thus, the CO, X sys-
tem X precipitation interactions mirror the interactions also
reported by H. Wang et al. (2024) and Ainsworth and Long
(2020). In N. cadamba, A was significantly affected by precip-
itation X temperature (F = 3.96, p < 0.05) and the three-way
interaction (F = 9.66, p < 0.001).

Agroforestry yielded higher A than monocultures at low
rainfall at 25°C (24.65 vs. 20.14), but this advantage disap-
peared at 30°C probably due to resource competition under
heat stress. The assimilation performance of N. cadamba
in monoculture was higher at 400 ppm than at 700 ppm
when rainfall was normal, suggesting an interaction between
CO, and humidity, consistent with the results of Zewdinesh
Damtew Zigene (2023).

4.3 | Impact of precipitation, temperature,
and CO, on E in monoculture and agroforestry

In maize, E varied significantly across rainfall (F = 62.10,
p < 0.01), system (F = 95.03, p < 0.001), and their inter-
action (F = 76.42, p < 0.01). The monoculture had a much
higher E at low rainfall at 25°C (5.45 + 0.68 mmol H,0),
while the agroforestry had a stable low E (1.28 + 0.24).
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This supports Li and Liu (2022), who found that agroforestry
moderates evapotranspiration in the field. Under P3 at 30°C,
the E of monoculture decreased (to 3.37 + 0.87), while agro-
forestry remained stable (3.06 + 0.52), indicating P X T X
S interactions (F = 9.16, p < 0.05) and reflecting buffering
of temperature and drought (H. Wang et al., 2024). In the
CO, enrichment experiment, maize E was affected by precip-
itation, CO, concentration, and their interaction (F = 40.90,
p < 0.001). Notably, in agroforestry under P3, E decreased
from 7.23 to 2.01 mmol H,0 m~2 s~ as CO, concentra-
tion increased, which indicates a stronger down-regulation
of stomata under elevated CO, in diversified systems. While
some studies (Moore et al., 2021) show universal stomatal
closure, our results suggest system-specific responses.

In N. cadamba, rainfall, temperature, and system had a
significant effect on E. Unexpectedly, agroforestry under nor-
mal rainfall and 30°C showed high E (6.06), possibly due to
hydraulic redistribution between the cultivated species. This
is consistent with Li and Liu (2022) the P X T interaction sug-
gests that plant behavior dynamically adapts under combined
stress factors.

4.4 | Stomatal conductance responses to
precipitation, temperature, and CO, in
monoculture and agroforestry system

Stomatal conductance (G,) of maize varied significantly
between rainfall, system, and P X T, T X S interactions. Mono-
cultures had higher G, (0.095 + 0.009) than agroforestry
systems (0.031 + 0.01) under P1 at 25°C, confirming the
lower water loss in diversified systems. P3 at 30°C reduced
G, in monocultures but not in agroforestry systems, again
reflecting microclimate buffering (Lu et al., 2023). In maize
under CO, enrichment, no main effects of P, C, or S on G,
occurred, but a P x C interaction (F = 3.85, p < 0.05) was
present, supporting the contention that increased CO, clo-
sure mechanisms vary with soil moisture. In N. cadamba,
G, was influenced by P, its interactions with the system,
and temperature. Under P3, G, remained uniformly low
(0.06-0.08 mmol), emphasizing stomatal regulation under
excess water. Agroforestry maintained or increased G, under
moderate stress, suggesting adaptive plasticity via species
interactions, supporting Silva et al. (2020).

4.5 | WUE responses to precipitation,
temperature, and CO, in monoculture and
agroforestry system

WUE showed the strongest variability. For maize, the P X
T (F=17949, p < 0.001), P X S (F = 246.80, p < 0.001),
and P X T x S (F = 87.58, p < 0.001) effects were signifi-
cant. Remarkably, under low rainfall and 30°C, agroforestry
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achieved a WUE of 27.80 + 1.11 times more than monocul-
ture (4.35 + 0.82), emphasizing the advantage of agroforestry
in carbon gain per water loss. This confirms Molénat et al.
(2023), who found that diversified systems increase WUE
under drought and heat stress. Under CO, enrichment, the
maize monoculture showed higher WUE under low normal
rainfall, but agroforestry performed better under high rainfall
with 700 ppm CO, suggesting an interplay between moisture
and CO, as drivers of efficiency, consistent with Sheppard
et al. (2020).

In N. cadamba, precipitation X system had a significant
effect on WUE (F = 6.23, p < 0.01). At low rainfall, agro-
forestry achieved higher WUE than monoculture, a result
consistent with Jose (2009), who emphasized the resource
optimization of agroforestry. However, under normal rainfall,
the monoculture showed higher WUE, probably due to higher
assimilation per water loss at optimum moisture. Tempera-
ture had no independent effect, suggesting that WUE is more
water- and system-dependent.

4.6 | Interactive effects of climate and
agricultural system on photosynthesis in maize
and N. cadamba

The data clearly show that agroforestry confers resilience ben-
efits to both maize and N. cadamba under combined abiotic
stresses. In maize, agroforestry maintained higher or stable
gas exchange rates during drought and heat, as evidenced by
lower variation in E, G, was maintained, and WUE was sig-
nificantly increased. This suggests that integrated systems can
maintain productivity under climate extremes by buffering
the microclimate and reducing plant hydraulic stress (Hus-
sain et al., 2020). Neolamarckia cadamba also benefited from
agroforestry, especially under low rainfall. Improved WUE
and stabilized G, under moderate water availability under-
line the photosynthetic plasticity of the species in diversified
systems, a promising feature for the sustainable design of
agroforestry (Jose, 2009; Silva et al., 2020).

The limited response to CO, fertilization in maize under
drought conditions reflects broader meta-analyses showing
that C, species exhibit low sensitivity to CO, enrichment
under field conditions (Leakey et al., 2009). However, agro-
forestry altered these trends: maize under high rainfall and
elevated CO, showed increased assimilation, highlighting
that system context influences CO, response (Ainsworth &
Long, 2020). In N. cadamba, variable CO, X precipitation
patterns in assimilation and WUE highlight the importance
of resource balance: positive responses occurred when suffi-
cient moisture was present, suggesting that water availability
is necessary for CO, benefits to manifest (Jones, 2024).

Although the experimental design was robust in the
manipulation of rainfall, temperature, CO, and agricul-
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ture systems, certain limitations must be acknowledged.
Agroforestry was represented by only one tree species (V.
cadamba). The inclusion of multiple tree species or func-
tional groups could increase buffering capacity and reveal
species-specific trait interactions (Nair, 2011). Another lim-
itation of this study is that it was conducted as a short-term
pot experiment under controlled shelter-house conditions.
While this approach allowed precise manipulation of tem-
perature, CO,, and precipitation, it may not fully capture
long-term plant responses, root dynamics, or soil, plant,
and atmosphere interactions observed under field conditions.
Therefore, caution is required when extrapolating these find-
ings to large-scale or long-term agroforestry systems. Studies
over multiple seasons or generations are needed to assess the
effects of downregulation and yield responses (Norby et al.,
2005).

5 | CONCLUSION

This study demonstrates that agroforestry integration with
N. cadamba enhances the photosynthetic resilience of maize
under combined climate stresses, particularly drought and
elevated temperature. The findings highlight the capacity
of agroforestry systems to buffer physiological stress and
improve water-use efficiency. Agroforestry systems consis-
tently outperformed monocultures, enhancing carbon uptake
and WUE, especially under low rainfall and elevated tem-
perature stress. N. cadamba demonstrated notable physio-
logical resilience in agroforestry system, particularly under
water-limited conditions, suggesting its adaptability within
diversified systems. These findings emphasize agroforestry’s
potential to buffer crops against climate variability, stabi-
lize gas exchange, and improve water efficiency. However,
benefits varied depending on environmental conditions, rein-
forcing the need for tailored, location-specific management.
To optimize agroforestry’s impact, future research should
extend these findings through long-term field trials that
evaluate not only physiological responses but also crop
yield, soil properties, and soil-plant interactions to better
assess the agronomic and ecological benefits of agroforestry
systems.
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