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siological responses of photosynthesis in black pepper plants under
fferent shade levels promoted by intercropping with rubber trees
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ABSTRACT

Plants of black pepper (Piper nigrum L.) may display changes in their photosynthetic activity as a result of environmental seasonal changes.
Intercropping with tree species may represent an alternative to mitigate the impacts of climatic changes on crops. The objective of this
work was to evaluate the physiological responses of photosynthesis in black pepper plants under different shade levels promoted by
intercropping with rubber trees (Hevea brasiliensis (Willd. ex A. Juss.) MUll. Arg. The photosynthetic performance in black pepper along
the day was evaluated under full sun and five shade levels. The resulted showed that variations positives in leaf gas exchanges were
not exclusively dependent on the shade promoted by the distance in relation with the line of rubber trees in the field, but also fluctuate
depending on the period of the day, the orientation (Northern or Southern), relating the line of trees and the season of the year. This
study showed that shaded intercropped plants displayed some advantage in a few cases (black pepper plants located at 2 m, and 5 m
between rubber trees, southern side) as regards the photosynthetic rate at midday and afternoon, and especially in summer, when
compared to pepper plants cultivated in full sunlight condition, That would be likely related to the to the maintenance of somewhat
lower temperature and higher relative humidity in the atmosphere close to the black pepper plant implying some advantage for such
consortium system to mitigate the possible effects of future climate changes, like warming.

Index terms: Leaf gas exchanges; iWUE; arborization; Piper nigrum.

RESUMO

Plantas de pimenta do reino (Piper nigrum L.) podem apresentar altera¢es na atividade fotossintética devido a mudancas sazonais.
O sistema de consércio com espécies arbéreas pode representar uma alternativa para mitigar os impactos das mudancas climaticas
nas culturas. O objetivo deste trabalho foi avaliar as respostas fisiolégicas da fotossintese em plantas de pimenta do reino em
diferentes niveis de sombreamento promovidos pelo cultivo intercalado com arvores de seringueira (Hevea brasiliensis (Willd. Ex
A. Juss.) MUll. Arg. O desempenho fotossintético da pimenta do reino ao longo do dia foi avaliado sob o pleno sol e seis niveis de
sombreamento. Os resultados mostraram que as varia¢des positivas das trocas gasosas ndo dependeram exclusivamente da sombra
promovida pela distancia em relacdo a linha das &rvores de seringueira no campo, mas também dependem do periodo do dia, a
orientagdo (norte ou sul), relacionando a linha das arvores e a estacdo do ano. Os resultados indicam que pimenteiras sombreadas
em consoércio apresentaram alguma vantagem em alguns casos (plantas de pimenta preta localizadas a 2 m e 5 m entre seringueiras
no lado sul) quanto a taxa fotossintética ao meio dia e a tarde, especialmente no verdo, quando comparadas as plantas de pimenta
cultivadas condicdo de pleno sol, Isso provavelmente estaria relacionado com a manutengdo de uma temperatura um pouco mais
baixa e umidade relativa mais alta na atmosfera préxima a planta de pimenta preta, o que implicaria alguma vantagem para tal
sistema de consoércio mitigar os possiveis efeitos de futuras mudangas climaticas tais como aquecimento.

Termos para indexacdo: Trocas gasosas; iIWUE; arborizacao; Piper nigrum.

INTRODUCTION

The Piper genus is distributed around the world,
and includes more than 700 species with significant
commercial and medicinal importance (Meghwal;
Goswami, 2013). Black pepper specie is one of the most
valued of these species (it may achieve values of 10 000
USD per ton), due to its traditional use as a gastronomic
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ingredient, its nutritional value and antioxidant properties
provided by its content of vitamin C, phenolic compounds
and carotenoids, as well as due to its importance in the
cosmetic and pharmaceutical industries (Huang; Ou; Prior,
2005; Zhu et al., 2012; Bagheri; Manap; Solati, 2014).
Vietnam, India, Indonesia, Malaysia and Brazil are the
larger producers of P. nigrum (FAO, 2017), with total
production of more than 400 000 tons in the last decade
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(Partelli, 2009, International Pepper Community - IPC,
2015).

As other crops, black pepper production is
influenced by environmental conditions, such as,
irradiance, soil moisture, air temperature, water availability
(Zhu et al., 2012), and soil mineral nutrients (Gontijo
et al., 2012). Production has been frequently limited
by climatic limiting conditions occurring in the main
producing countries. According to the Intergovernmental
Panel of Climatic Change (IPCC, 2014), the future
climatic scenarios foresee an increment in the incidence of
droughts around the globe, particularly in tropical regions,
mostly associated to a global decreased water availability
that results from altered intra- and inter- annual rainfall
patterns, which altogether will severe limit agriculture
(Feng; Porporato; Rodriguez-Iturbe, 2015). With the
growing concern in global climate changes a large set of
studies were performed in the last two decades. Due to
its central role on plant growth and yield many of these
studies have been focusing the impact/response of the
C-assimilatory pathway to warming (Ghannoum et al.,
2010; Martins et al., 2016; Rodrigues et al., 2016), water
shortage (Delaney; Weaver; Peterson, 2010), salinity
(Chaves; Flexas; Pinheiro, 2009; Batista-Santos et al.,
2015) and irradiance (Schock et al., 2014), with or without
the combined increase of air [CO,] that is predicted to
contribute to warming (Reddy; Rasineni; Raghavendra,
2010; Kirschbaum, 2011; Martins et al., 2016; Rodrigues
et al., 2016).

Under adverse climatic conditions changes in
plant C-balance may occur, leading to a reduction in the
concentration of intercellular CO,, due to stomatal closure.
This has the potential to promote an excessive excitation,
leading to photoinhibitory impairments on the photosystem
IT (PSII) (Souza et al., 2004), and the consequent reduction
in photochemical efficiency (expressed as F /F_or F’/ F °)
(Flexas et al., 2009; Pinheiro; Chaves, 2011; Zhu et al.,
2012). Such reductions in C-assimilation can lead to
significant impacts in biomass accumulation, and yield. That
is also the case of black pepper crop, with reports of a total
yield loss under water deficit combined with high irradiance
(Cafer et al., 2006; Showemimo; Olarewaju, 2007), and
reduced size and number of shoots and fruits in early stages
of the plant development (Rylski; Spigelman, 1982).

The implementation intercropping techniques with
tree shading has been used in some tropical crops, aiming
at to diminish the effects of extreme climatic conditions
and to promote higher sustainability to the agricultural
system, improving the plant’s physiological performance
when compared with full sun plants (Dai et al., 2009;
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Zhu et al., 2012; Santos et al., 2015; Oliosi et al., 2016).
Under intercrop systems, responses of plants to shading
may vary according to the geographical area, seasonality,
crop cultivar and agricultural management (Baliza et al.,
2012; Zhu et al., 2012; Araujo et al., 2016).

The Rubber tree (Hevea brasiliensis (Willd. ex
A. Juss.) Miill. Arg) is the most important species for the
production of rubber or latex. Among a wide number of
trees used in intercropping systems, rubber tree is known
as a good choice for coffee (Araujo et al., 2014; 2016)
and Theobroma cacao L. (Monroe; Gama-Rodrigues;
Gama-Rodrigues, 2016), having a beneficial impact on
these crops, like decreased luminosity and temperature
throughout the day, promoting greater leaf expansion and
increase in chlorophyll b content, total chlorophyll content.

In the context of predicted future climate changes
(and limitations), despite the importance of black pepper
crop and the promising results obtained for several crops
using intercropping systems with tree species, there is a total
absence of data regarding the potential benefits the rubber
of tree intercropping with black pepper. Therefore, we aim
at to evaluate the impact of intercropping black pepper
with rubber tree regarding the photosynthetic functioning.
Several levels of shade were analyzed, concerning the
distance of black pepper plants to the rubber trees in
different seasons of the year, in order to characterize possible
mitigation effects of likely future climate changes.

MATERIAL AND METHODS

Plant material and experimental design

The experiment was performed using five years
old Piper nigrum L. cv. Bragantina (black pepper) plants,
planted in rows with a 3 x 2 m spacing irrigated system,
on a rural property in Boa Esperancga, Espirito Santo state,
Brazil (18°30°24”S 40° 17°45”W), and at 120 m altitude
in a flat relief. The soil texture of the experimental area was
classified as a dystrophic Red Latosol (Oxisol) (Embrapa,
2013). Black pepper plants planted in rows with 2,5 x 2
m spacing with five age were intercropped with Hevea
brasiliensis (Willd. ex A. Juss.) Miill. Arg. (clone FX 3864)
(rubber tree) plants, with the same age, planted in rows
with 16 x 4 x 2 m spacing, resulting in five rows of black
pepper followed by two rows of rubber trees (Figure 1). All
rows were oriented 70° northwest. During the experimental
period, average of rubber trees diameter at breast height
was ca. 20 cm, plant height was 10 m and canopy diameter
of ca. 4 m. The experiment consisted of six treatments,
with five shading levels, related to the distance to the
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rubber tree, and one treatment with in plants managed
under full sunlight exposure. Three distances from the
black pepper plants to the rubber trees were considered: T2
at 2 m, and TS at 5 m, on both southern (S) and northern
(N) sides, as well as T8 located at 8 m in the central line
between rubber trees. The sixth treatments considered
black pepper plants under full sunlight explosure (Tsun)
with the same age, planted an adjacent area without rubber
tree implantation.

Microclimate characterization

The measurements of irradiance, temperature and
relative humidity were performed with an external data
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logger (HOBO U12, Onset HOBO Data Loggers, Bourne,
MA, USA), placed at a 3 m height above the black pepper
tree rows. Data were recorded at every 10 min for each
evaluation period (7:00-9:00; 11:00-13:00; 15:00- 17:00).
The climatic data were reported on 03/08/2014 (summer),
05/08/2014 (autumn) 08/09/2014 (winter) and 11/26/2014
(spring) (data not shown).

Leaf gas exchanges

The leaf net photosynthesis rates (4), stomatal
conductance to water vapor (g ), internal CO,
concentration (C) and transpiration (7)) were obtained
under photosynthetic steady-state conditions in four young
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Figure 1: The leaf rates of net photosynthesis (A) values at 8:00 (early morning), 12:00 (late morning), and 16:00
(afternoon) in summer (A), autumn (B), winter (C) and spring (D) seasons, for the six treatments related to black
pepper distances to the rubber trees: at 2.0 m from on the southern (T2S) and northern (T2N) sides; at 5.0 m
on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8), which was the central row of black pepper, and
unshaded black pepper (Tsun). For each parameter, the mean values + SE (n=6) followed by different letters
express significant differences between daily hours within each shade level (a, b, ¢), or between shade levels
within each hour of the day (A, B, C, D), always separately for each season.
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fully expanded leaves of four pepper plants in each plot
along the day: 8:00 (7:00-09:00, early morning), 12:00
(11:00-13:00, late morning) and 16:00 (15:00- 17:00,
afternoon) at summer, autumn, winter and spring.. A
portable open-system infrared gas analyzer (CIRAS-II,
PP Systems, UK) was used, with settings to external
[CO,] supply of (400 uL L"), irradiance (800 umol CO,
m? s7), and temperature (25 °C). Leaf instantaneous
water-use efficiency (iWUE) was calculated as the
A-to-Tr ratio, representing the units of assimilated
CO, per unit of water lost through transpiration. The
internal-to-ambient CO, concentration ratio (C/C ) was
also assessed.

Light steady-state fluorescence parameters

Chlorophyll (Chl) a fluorescence parameters
were determined on the same leaves used for gas
exchange measurements, using the same CIRAS-II
system coupled with the universal automatic PLC6
leaf cuvette fluorometer (PP-Systems), following the
formula discussed elsewhere (Kramer et al., 2004;
Schreiber, 2004). This set of parameters was evaluated
under photosynthetic steady-state conditions, under
700-800 umol m? s of actinic light and superimposed
saturating flashes (10), and included q, Y(“), F'/F '
(Kramer et al., 2004; Klughammer; Schreiber, 2008),
and F /F ’ (Stirbet; Govindjee, 2011). The F ’, needed
for the quenching’s determination was obtained in the
dark immediately after actinic light was switched off
and before the first fast phase of fluorescence relaxation
kinetics. The ratio F ’/F ’ represents the actual PSII
efficiency of energy conversion under light exposure,
and q, represents the proportion of energy trapped by
PSII open centers and driven to photochemical events,
based on the concept of interconnected PSII antennae,
whereas Y . represents the estimate of the quantum
yield of photosynthetic non-cyclic electron transport.
The F/F ’ratio is the predictor of the constant rate of
PSII inactivation.

Statistical analysis

The experimental design was totally randomized,
in subdivided plots (plot = shade and subplot treatments =
time of the day). The measured and calculated parameters
were analyzed using a two-way ANOVA, during the whole
observed periods to evaluate the differences between
several levels of imposed shade, related to the distance of
black pepper to the rubber trees, between hours of the day,
as well as their interaction, followed by a Tukey’s test to
compare mean values, at 5% probability.

Ciéncia e Agrotecnologia, 42(5):513-526, Sep./Out. 2018

RESULTS AND DISCUSSION

Variations of leaf gas exchanges

Leaf gas exchanges of black pepper, regarding
net photosynthesis rates (4), stomatal conductance (g),
internal-to-ambient CO, concentration ratio (C/C ) and
the instantaneous water-use efficiency (iWUE), were
positively influenced by shading (distance to the rubber
tree line), time of the day, Southern or Northern orientation,
and season of the year.

In detail, a 45% reduction was observed in 4, at
8:00, from summer to autumn, with prominence in winter
and spring, was observed in T2S. On the other hand, T2N
showed a 50% increment in CO, assimilation between
summer season (Figure 1A) and autumn season (Figure 1B),
with subsequent reduction in winter season (Figure 1C) and
increment once again in the spring (Figure 1D). Treatments
TSS and TSN showed a slight reduction in 4 between
summer and autumn and remained constant during winter
and spring (Figure 1).

Significant CO, assimilation variations were
observed amongst diurnal measurements in all seasons.
In a general, 4 in black pepper plants under full sunlight
explosure maintained a similar pattern throughout the
year, full sun plants plants usually showed the maximal
A values at 8:00, although accompanied with some shade
treatments that changed for each season. (T2S, T5S, TSN
in summer; T2N in autumn; T5S, T5N, T8 in winter; T2N,
T8 in spring). However, full sun plants usually showed as
well the greater decreases between 8:00 and 12:00, and
their values at 16:00 were always amongst the lowest ones.
For most shading treatments, maximum values of 4 were
observed during the morning period (8:00 and/or 12:00),
decreasing afterwards (16:00) for all seasons of the year.
Such A4 decrease in the afternoon was likely related to the
concomitant irradiance reduction from 12:00 to 16:00.
However, in spring determinations 4 was reduced probably
linked to the g_drop, but not to irradiance (that did not
decrease at 16:00). Such limitation of 4 by g (Figure 2)
could had happened as well for autumn as reflected in the
reduction of C/C, values at 12:00 and 16:00 (Figure 3B).
In shaded plants, with exception of T2N which showed
responses similar to black pepper plants under full sunlight
explosure (autumn and spring), 4 was significantly lower
in T2S and T2N at 8:00, in winter (Figure 1C). In summer,
autumn and spring T2S preserved the same rate of CO,
net assimilation until 12:00, showing a sharp drop only
at 16:00, a behavior also observed in T5S during summer
(Figure 1A) and winter (Figure 1C), as well as TSN and
T8 in autumn (Figure 1B) and winter (Figure 1C).



Physiological responses of photosynthesis in black pepper plants under different shade levels promoted by intercropping with rubber trees

517

The g (Figure 2) followed in most cases the
same pattern observed in 4. black pepper plants under
full sunlight explosure consistently showed the higher
g, values at 8:00, followed by strong reductions both at
12:00 and 16:00, irrespective of season. Despite the lower
values of g_at 8:00, when compared to black pepper plants
under full sunlight explosure, T2S plants maintained or
increased (the latter in winter) the g_values by 12:00.
Similar patterns were observed in T2N (summer), T5S
and TSN (winter). The highest values of g_at 12:00 were
observed in treatments T5S and TSN, in winter and spring
(Figure 2 C,D), suggesting that a different behavior might
be influenced by Northern or Southern orientation.
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Independently from luminosity and g, the C/C,
ratio was similar amongst treatments in the summer, with
somewhat higher values in the morning and a tendency
to decrease (usually non-significant) in the afternoon
(Figure 3A). However in autumn (T2N, T8) and winter
(T2S, T2N, T5N, T8, Tsun) a different pattern was
observed, with Ci/Ca ratio values rising in the afternoon
period (Figure 4 B,C).

The instantaneous water-use efficiency (iWUE)
between full sun and shaded black pepper plants in summer
showed only small differences (Figure 4A), although
black pepper plants under full sunlight explosure showed
significantly lower values at 12:00 and 16:00. In the other
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Figure 2: The leaf rates of stomatal conductance to water vapor (g) values at 8:00 (early morning), 12:00 (late
morning), and 16:00 (afternoon)in summer (A), autumn (B), winter (C) and spring (D) seasons, for the six treatments
related to black pepper distances to the rubber trees: at 2.0 m from on the southern (T2S) and northern (T2N)
sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8), which was the central row of black
pepper, and unshaded black pepper (Tsun). For each parameter, the mean values * SE (n=6) followed by different
letters express significant differences between daily hours within each shade level (a, b, c), or between shade
levels within each hour of the day (A, B, C, D), always separately for each season.
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three seasons all treatments showed higher iWUE values
than in summer (except T2N in winter). In these seasons,
shaded plants located nearest to the rubber trees had the
higher values in autumn (T2S, Figure 4B), winter and
spring (T2S and T5S, Figure 4 C,D), showing variations
during the day and higher values usually at 8:00 and/or
16:00, therefore, showing that shaded plants were more
efficient during most part of the day. The lowest values
for iWUE were observed in T2N during winter, but black
pepper plants under full sunlight explosure showed the
lowest iWUE values at 16:00 in most part of the year
(summer, winter, spring) (Figure 4).
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Changes in light steady-state fluorescence
parameters

In general, the evaluated photosynthetic related
parameters, determined under light steady-state
fluorescence conditions, showed much more moderate
changes than 4 along the day, and only a few differences
between shading levels, or even between seasons.

Values of the quantum yield of photosynthetic
non-cyclic electron transport (Y ;) did not show any
significant change along the day (within each shade level)
or for each hour of day when comparing the several shade
treatments (Figure 5). The same was observed in the
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Figure 3: The leaf rates of ratio between the concentration and CO, environment internal (Ci/Ca) values at 8:00
(early morning), 12:00 (late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C) and spring
(D) seasons, for the six treatments related to black pepper distances to the rubber trees: at 2.0 m from on the
southern (T2S) and northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8),
which was the central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the mean
values + SE (n=6) followed by different letters express significant differences between daily hours within each
shade level (a, b, c), or between shade levels within each hour of the day (A, B, C, D), always separately for each
season.
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other seasons, with a few exceptions, namely in T2N and
T5N that tended to higher values at 12:00. However, in
general black pepper plants under full sunlight explosure
values were similar (or somewhat higher) than those of
the shaded plants.

The efficiency of energy trapped by open reaction
centers by the PSII (& /F ") was not affected by the shade
level or seasonality. However, treatments TS2 tended to
higher values in the early morning, significantly in summer
and spring (Figure 6 A,D). The same tendency of higher
F/F "~ values at 8:00 was also observed in most T2, TS,
and T8 plants.
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Amongst the studied fluorescence parameters, the
variable proportion of energy trapped by the PSII and
driven to photochemical events (q,), was the one with
greater changes. In summer, all shade treatments followed
similar patterns along the day, with the highest value
observed by 12:00 (Figure 7 A). Black pepper plants under
full sunlight explosure plants showed the highest mean
values along the day in autumn (Figure 7 B), whereas the
shade treatments presented minimal and maximal values
at 8:00 and 12:00, respectively. In winter (Figure 7 C) the
Southern and Nothern oriented plants showed the global
lower and higher values, with T8 and Tsun showing
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Figure 4: The leaf rates of ratio between the concentration and CO, environment internal (Ci/Ca) values at 8:00
(early morning), 12:00 (late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C) and spring
(D) seasons, for the six treatments related to black pepper distances to the rubber trees: at 2.0 m from on the
southern (T2S) and northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8),
which was the central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the mean
values + SE (n=6) followed by different letters express significant differences between daily hours within each
shade level (a, b, c), or between shade levels within each hour of the day (A, B, C, D), always separately for each

season.
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intermediate values. Finally, in spring (Figure 7 D) higher
values were observed in late morning or in the afternoon in
all treatments. Interestingly, T2S showed the lowest (8:00)
and the highest (12:00) g, values in this season.

With a few exceptions, the predictor of the rate
constant of PSII inactivation (#/F ) showed a similar
behavior for all shade levels, leaf orientation and season
of the year. Still, this parameter showed lower values in
black pepper plants under full sunlight explosure plants
in autumn (Figure 8 B) when compared to shaded plants.

This work reports for the first time the photosynthetic
physiological responses of black pepper in an intercropped
system under field conditions, in order to evaluate possible
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mitigating effects of shadow levels in a context of future
climatic changes.

Leaf photosynthetic rates clearly differed between
full sun plants and most shading treatments (including
Northern or Southern orientation) along the day,
irrespective of the season of the year. In fact, 4 values in
Tsun were always amongst the maximal values observed
in the early morning (Figure 1), linked to the highest g,
values found in Tsun plants (Figure 2). Such high g values
allowed the maintenance of an adequate CO, supply
to chloroplast, as reflected in the stable C/C, values at
8:00 along the entire year (Figure 3), since stomatal
conductance is directly linked with the photosynthetic
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Figure 5: Estimate of the quantum yield of photosynthetic non-cyclic electron transport Y values at 8:00 (early
morning), 12:00 (late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C) and spring (D) seasons,
for the six treatments related to black pepper distances to the rubber trees: at 2.0 m from on the southern (T2S)
and northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8), which was the
central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the mean values + SE (n=6)
followed by different letters express significant differences between daily hours within each shade level (a, b, c),
or between shade levels within each hour of the day (A, B, C, D), always separately for each season.

Ciéncia e Agrotecnologia, 42(5):513-526, Sep./Out. 2018



Physiological responses of photosynthesis in black pepper plants under different shade levels promoted by intercropping with rubber trees

521

rate and coordinated by CO, in the mesophyll, tending
to keep C/C, ratio at a fairly constant value (Sharkey;
Raschke, 1981). Consequently, these plants were able
to photochemically use the greater irradiance levels that
reach the leaf surface, although with a lower iWUE than
in several shading treatments, mostly in winter and spring
(Figure 4). This greater photosynthetic activity was also
sustained by higher photochemical efficiency of PSII (¥,
F ") (Figure 6), photochemical energy use (g,) (Figure 7),
and electron transport ( Y,) (Figure 5) levels, further
contributing to a lower inactivation status of the PSII
(F/F,’), that is, maintaining a high efficiency in light
capture and its photochemical use as measured through

0.8 - m8 m]2 16 A
< S
0.6 1 <§ < ﬁ i § <‘5 ﬁ I
) N<:5 ﬁ]: ﬁI
= I I S
& 04 -
Z
0.2 -
00 — T T
T2N  T5N T8 Tsun
1.0 - C
0.8
K
—g <<
5 06 55 Sg ﬁﬁ S
&= I I
Z 04 -
0.2
0.0 -
T2N  T5N
Treatments

light steady-state fluorescence parameters (Wang et al.,
2007; Zhu etal., 2012). Nevertheless, it seems noteworthy
that T2N (autumn and spring) and T5N (summer and
winter) fully accompanied Tsun plants in most of the
analyzed parameters (except q, ), especially as regards the
maintenance of high 4 values under lower irradiance levels
than at black pepper plants under full sunlight explosure,
suggesting a higher energy capture efficiency by shaded
plants or that Tsun plants were functioning above light
saturating levels for C-assimilation.

Plant responses to environmental factors usually
result in changes in the diurnal photosynthetic parameters
(Palmer, 2014; Li et al., 2015). Considered as a plant
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Figure 6: The actual PSIl efficiency of energy conversion under light exposure values (F /F ') values at 8:00 (early
morning), 12:00 (late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C) and spring (D) seasons,
for the six treatments related to black pepper distances to the rubber trees: at 2.0 m from on the southern (T2S)
and northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8), which was the
central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the mean values + SE (n=6)
followed by different letters express significant differences between daily hours within each shade level (a, b, c),
or between shade levels within each hour of the day (A, B, C, D), always separately for each season.
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defense strategy against excessive water loss, this fact,
is usually attributed to an increase of radiation and
temperature, typical conditions during diurnal period
which has been reported in different species, in leaves and
whole plants (Zhu et al., 2012; Morandi et al., 2014; Li
et al., 2015; Ferraz et al., 2016; Rodrigues et al., 2016).
In the present study, this fact also occurred as a result
of the relative humidity reduction during the afternoon
period, associated to a significant reduction in the stomatal
conductance (Figure 2).

Along the day (12:00 and 16:00) leaf gas exchanges
of Tsun suffered the largest changes, with severe reduction
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of A (which became negligible in winter in the afternoon)
and g values, likely related to increased air temperature
and irradiance along the day, which were accompanied by a
stronger reduction in air humidity, and, therefore, a higher
atmospheric evaporation demand. Notably, black pepper
plants under weaker shading levels (T5N, T5S and T8)
showed similar 4 and g patterns to that of Tsun, along the
year, particularly in summer. However, although 4 and g,
showed large parallel decreases in Tsun, such A reductions
would have resulted from lower CO, availability to the
carboxylation sites due to stomata closure only in autumn
(when C/C was reduced). Such impact on photosynthesis
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Figure 7: Proportion of energy trapped by PSII open centers and driven to photochemical events values (q,)
values at 8:00 (early morning), 12:00 (late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C)
and spring (D) seasons, for the six treatments related to black pepper distances to the rubber trees: at 2.0 m from
on the southern (T2S) and northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0
m (T8), which was the central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the
mean values + SE (n=6) followed by different letters express significant differences between daily hours within
each shade level (a, b, ¢), or between shade levels within each hour of the day (A, B, C, D), always separately for

each season.
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by reduced stomatal conductance under conditions of
lowered water availability is widely observed in different
species (Delaney; Weaver; Peterson, 2010; Sui et al., 2012;
Wu et al, 2014). In the other seasons, the C/C, value in
Tsun plants did not decrease, therefore no lack of CO,
would have occurred at the chloroplast level (Medeira et
al., 2012). Furthermore, there were not observed decreases
of'the photochemical efficiency of PSII, electron transport,
and energy driven to photochemical events, whereas PSII
inactivation did not increase. In this way, these unaltered
processes did not account for the severe 4 reductions. In
fact, these photosynthetic related parameters (<, /F °,

Y, q,, F/F, pointed to a better functional status of the

Fs/Fm'

T2N  T5N T8  Tsun

Fs/Fm'

T2S

T5S T2N T5N

Treatments

T8 Tsun

Tsun plants. Instead, such impact on the photosynthetic
metabolism (globally reflected on A) could had resulted
from impairments on the photosynthetic enzymes, due
to their sensitivity to high temperatures, observed in
all seasons but winter in Tsun plants, as reported to
occur under supra-optimal temperatures in other species
(Rodrigues et al, 2016).

On the other hand, a few shaded treatments showed
lower 4 decreases (or even increases) at 12:00, and
maintained higher 4 values than Tsun plants by 12:00 and
16:00, even high lower irradiance levels. That was the case
of T2S and T5S plants in summer and winter, and T8 in
winter, with impacts on higher i/ WUE (only in winter). The

Fs/Fm'

TSN T8  Tsun

Fs/Fm'

T2S

T5S T2N T5N

Treatments

T8 Tsun

Figure 8: Predictor of the rate constant of PSII inactivation values (F/F ') values at 8:00 (early morning), 12:00
(late morning), and 16:00 (afternoon) in summer (A), autumn (B), winter (C) and spring (D) seasons, for the six
treatments related to black pepper distances to the rubber trees: at 2.0 m from on the southern (T2S) and
northern (T2N) sides; at 5.0 m on the southern (T5S) and northern (T5N) sides; at 8.0 m (T8), which was the
central row of black pepper, and unshaded black pepper (Tsun). For each parameter, the mean values + SE (n=6)
followed by different letters express significant differences between daily hours within each shade level (a, b, c),
or between shade levels within each hour of the day (A, B, C, D), always separately for each season.
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better 4 performance in these shaded plants was not related
with higher values of g_or with a better photochemical
functioning or efficiency (as given by the fluorescence
parameters), since they did not differ from those observed
in Tsun plants. At least for summer, the lower temperatures
found in T2S and T5S by 12:00 and 16:00 might have
contributed to the higher 4 values, when compared to those
of Tsun plants, suggesting that during the hottest periods of
the year shade may improve the photosynthetic functioning
of black pepper, as previously reported for other species
(Dai et al., 2009; Zhu et al., 2012). It is well known that
shading causes microclimatic changes in many agricultural
crops, especially in plants located in the nearest lines to
the trees, resulting in physiological and growth alterations
(Pezzopane et al., 2010; Aragjo et al., 2015; Oliosi et al.,
2016). Such impacts may depend on the nature, density,
duration and season of the shade and well as on the current
climatic conditions and local climate, genotype, plant age,
among other factors (Morais et al., 2003; 2009; Baliza et
al.,2012; Araujo et al., 2016), what agrees with the findings
of the present work.

In general, black pepper plants cropped under
full sun exposure showed the highest photosynthetic
rates in early morning, but were as well amongst the
plants with greater reductions by midday and in the
afternoon, Tsun plants seemed to efficiently control the
loss of water by a strong stomatal closure at 12:00 and
16:00, likely responding to the decrease in air humidity,
and to the increase of air temperature and evaporative
demand. However, such strong stomatal closure reduced
C-assimilation only in autumn. In the other seasons
impairments at biochemical levels might have been
involved due to supra-optimal temperatures (especially
in spring and summer). Nevertheless, it is noteworthy the
resilience of the photosynthetic apparatus in black pepper
plants cropped under full sun exposure. In fact, even when
the photosynthetic rates were reduced to quite low values
(16.00 in all season) it were not observed significant
negative impacts as regards the photochemical efficiency
of PSII, the estimate of linear electron transport, and
the energy driven to photochemistry, pointing for a high
functional status of the full sunlight plants.

CONCLUSIONS

Shaded plant pepper with rubber trees under the
conditions studied resulted in improved net photosynthesis
rates, stomatal conductance to water vapor, transpiration
maintenance, water use efficiency and photochemical
preservation in pepper plants. However, the consortium

Ciéncia e Agrotecnologia, 42(5):513-526, Sep./Out. 2018

effectiveness was dependent of distance to the rubber tree
line, time of the day, Southern or Northern orientation, and
season of the year. Shaded intercropped plants displayed
some advantage in a few cases (black pepper plants located
at 2m, and 5 m between rubber trees, southern side) as
regards the photosynthetic rate at midday and afternoon,
and especially in summer, when compared to pepper
plants cultivated in full sunlight condition, That would
be likely related to the to the maintenance of somewhat
lower temperature and higher relative humidity in the
atmosphere close to the black pepper plant implying some
advantage for such consortium system to mitigate the
possible effects warming.
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