

  agronomy-09-00160




agronomy-09-00160







Agronomy 2019, 9(3), 160; doi:10.3390/agronomy9030160




Article



Water Stress Permanently Alters Shoot Architecture in Common Bean Plants



Angelica Durigon 1,*[image: Orcid], Jochem Evers 2, Klaas Metselaar 3 and Quirijn de Jong van Lier 4[image: Orcid]





1



Agricultural Meteorology Group, Crop Science Department, Federal University of Santa Maria, Av. Roraima, 1000, Santa Maria 97105-900, Brazil






2



Centre for Crop Systems Analysis, Wageningen University and Research Centre, P.O. Box 430, 6700 AK Wageningen, The Netherlands






3



Soil Physics and Land Management Group, Wageningen University and Research Centre, P.O. Box 47, 6700 AA Wageningen, The Netherlands






4



Soil Physics Laboratory, Center for Nuclear Energy in Agriculture, University of São Paulo, P.O. Box 96, Piracicaba 13405-900, Brazil









*



Correspondence: angelica.durigon@gmail.com; Tel.: +55-55-3220-8900







Received: 24 February 2019 / Accepted: 19 March 2019 / Published: 26 March 2019



Abstract

:

The effects of water stress on crop yield through modifications of plant architecture are vital to crop performance such as common bean plants. To assess the extent of this effect, an outdoor experiment was conducted in which common bean plants received five treatments: fully irrigated, and irrigation deficits of 30% and 50% applied in flowering or pod formation stages onwards. Evapotranspiration, number and length of pods, shoot biomass, grain yield and harvest index were assessed, and architectural traits (length and thickness of internodes, length of petioles and petiolules, length and width of leaflet blades and angles) were recorded and analyzed using regression models. The highest irrigation deficit in the flowering stage had the most pronounced effect on plant architecture. Stressed plants were shorter, leaves were smaller and pointing downward, indicating that plants permanently altered their exposure to sunlight. The combined effect of irrigation deficit and less exposure to light lead to shorter pods, less shoot biomass and lower grain yield. Fitted empirical models between water deficit and plant architecture can be included in architectural simulation models to quantify plant light interception under water stress, which, in turn, can supply crop models adding a second order of water stress effects on crop yield simulation.
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1. Introduction


Water stress is one of the main abiotic stresses limiting crop production in many tropical and subtropical regions [1,2] determining rainfed agricultural production [3,4,5]. There are indications that the risk of drought may yet increase with the expected climate change in drought-prone areas [6]. An increase in the intensity, duration and area affected by drought has been observed in tropical and subtropical areas since the 1970s [7]. In these regions, an increase in air temperature and decrease in precipitation have contributed to enhanced dry conditions placing additional pressure on agricultural systems [8,9].



During a crop growth cycle, water is needed for photosynthesis, maintenance of turgor and cooling of leaves. When water supply becomes inadequate, stomata will close, affecting CO2 assimilation and transpiration [10]. Water shortage reduces the availability of CO2 in the leaf tissues, and thus the production of assimilates and growth, introducing limitations to the productivity mainly on C3 plants [11,12].



Plants also adapt their architectural development to the available resources, and differ in plasticity to adapt to abiotic stresses [13]. Sunlight interception by plants depends on plant architecture. It is considered to be described by the Lambert Beer law of exponential extinction as a function of the leaf area index and the angular distribution of leaves [14]. Under water stress, the daily paraheliotropic movement of leaves modify its angular distribution and changes the exponential interception of sunlight inside the canopy [15]. Leaves change their angular distribution from planophile to vertical positions as a result of water stress in soybean (Glycine max L. Merr.) [16]. Using this mechanism, leaves were able to diminish the incidence of direct sunrays and to reduce plant energy load, transpiration and temperature, leading to less sunlight being intercepted and more sunlight reaching the soil surface.



The common bean (Phaseolus vulgaris L.) provides an important source of calories and protein for humans [17,18], and is frequently grown under water-limited conditions. Production regions are located mainly in developing tropical and subtropical areas [19,20], yielding approximately 12 million tons globally and 5.5 and 2.5 million tons in Latin America and Africa, respectively [21,22]. Drought affects 73% of the area planted to beans in Latin America, for example [23,24].



Bean plants are sensitive to water stress, mainly because of their shallow root system [25]. Bean seed quality (hardness) as well as vigor and dry matter yield are negatively affected by water shortage [26,27]. Reduction of grain yield by water stress in bean plants has been reported in several studies [20,28,29]. When water stress occurs during the flowering stage, the reduction tends to be more pronounced [30] due to the high crop water consumption during flowering [31]. Sensitivity to water stress is higher during reproductive phase (flowering and pod formation) than during the vegetative growth phase [32,33].



Many traits in common beans are affected by water stress, including a reduced number of leaves, reduced leaf size and inhibition of the expansion of foliage [34], shedding of leaves, flowers and young fruits [35]. The reduction of leaf area, i.e., the photosynthetic surface, results in a decrease in dry matter accumulation [33]. Water deficit imposed during the reproductive development may decrease the number of flowers, pods and number of seeds per pod [36]. The total number of flowers in some varieties may be reduced significantly under drought reducing the number of pods per plant [37]. Withholding water to plants at floral initiation and at 50% podding stage leads to pod abortion rates of 21 and 65%, respectively [38].



Although several aspects of common bean response to water stress, such as water consumption, leaf area and number of reproductive organs are well documented [29,39,40,41], detailed information and description on shoot architecture and how it interacts with water stress is currently lacking. For example, the size of internodes, petioles and petiolules and angles between plant organs, as well as the numerical description of these architectural traits (including leaves) along the vertical plant axis, have never been quantified.



In order to understand how plant architecture in common bean is affected by water shortage and how these changes in plant architecture affect crop performance, we assessed plant architecture traits of common bean plants at different levels of water shortage during the reproductive phase.




2. Materials and Methods


2.1. Experimental Set-Up


All measurements were made in an experiment with common bean (Phaseolus vulgaris L., cv. Berna) conducted from May to August 2014 in Wageningen, The Netherlands (51°59′20″ N, 5°39′16″ E). On 15 May, bean seeds were sown at 2 to 3 cm depth in a soil substrate [N supply capacity, 55 kg N ha−1 year−1; organic matter, 3.1% with a C/N ratio of 15; soil mineral N content before sowing (0–25 cm), 1240 mg N kg−1] contained in 7 L plastic pots (0.21 m top diameter, 0.16 m bottom diameter, 0.27 m depth). Pots were placed on a table in the open air under a permanent rain sheltering roof of transparent plastic (EVA 200 micron clear film). Placed in a square grid, the distance between pot centers was 0.25 m with a total of 16 plants m−2, a common plant density in bean cropping [42].



Five irrigation treatments were imposed: a fully irrigated control treatment and four deficit irrigation treatments. Each treatment consisted of 20 plants. Five plants per treatment were tagged in the beginning of the crop cycle. Yield components at the end of the crop cycle were determined for all plants and architectural traits were determined for the five tagged plants. It is common to interrupt irrigation completely after reaching a specific development phase when plants are grown in large pots [29] or in the field [43]. However, as we used small 7 L plastic pots to facilitate manipulation of plants during architecture measurements, thus imposing a smaller soil volume to the root systems, irrigation was not completely interrupted but instead continued at lower levels in the four treatments until the end of the crop cycle. This warranted plant survival while still imposing water limitation. Two irrigation deficit intensities relative to the water amount in the control treatment (−30%-Low deficit (L) and −50%-High deficit (H)) were applied during two different stages: at the onset of the flowering (F) stage (43 days after sowing—27 June) in treatments FL and FH, respectively, and at the onset of the pod (P) formation stage (48 days after sowing—2 July) in treatments PL and PH, respectively. The onset of the flowering and pod formation stages was considered when 50% of the plants presented one open flower and one pod at maximum length, respectively.



Five pots randomly chosen from each treatment were weighed three times per week. The amount of water to be applied was calculated by taking into account the weight of pots of the control treatment and comparing them to a reference weight taken at the beginning of the experiment immediately after a full irrigation when a tensiometer reading indicated a pressure head in the order of 2.5 m, comparable to field capacity. A logistic growth curve for common bean plants was used to correct for the fresh weight of plants [44]. Weight measurements were also used to estimate the mean evapotranspiration rate during the crop cycle.



Harvest occurred 105 days after sowing, on 28 August, and yield components were determined. Final number of pods was counted and the final length of pods (m) was measured. All plants were dried for 24 h in an oven at 70 °C before determining shoot biomass (stem + pod + leaves) (g plant−1). Grains were separated from pods and the grain yield (g plant−1) was measured. Harvest index (HI) was then calculated dividing grain yield by shoot biomass.




2.2. Plant Architecture Data


2.2.1. General Bean Plant Architecture


Common bean plants are composed of a main stem and an abundant number of lateral primary branches with leaves and flowers [45]. The unit for an architectural analysis of the bean plant in terms of measurements was the phytomer [46]. A phytomer by definition comprises an internode with a lateral bud at the bottom, a node above the internode, a petiole inserted on the node, and a leaf [47]. Given this starting point, the architecture of the bean plant is defined in Figure 1 in terms of a sequence of numbered phytomers. The first phytomer of the main stem (#1) does not contain leaves but has lateral buds that grow out into branches. The subsequent phytomers—2, 3, 4 and 5—have two lateral buds each, placed on opposite sides. There is only one lateral bud on phytomers above the fifth phytomer of the main stem. From phytomer 3 onwards, the main stem is composed of internodes that follow a sympodial pattern that gives rise to a typical zigzag shape. Leaves are trifoliate, consisting of a petiole, two asymmetrical ovalate side leaflets and one symmetrical top leaflet in the middle with a longer petiolule (top leaflet petiole) than that of lateral ones. The exception is the second phytomer of the main stem, which carries two single leaves with petioles only. Reproductive organs (flower buds, flowers and pods) are organized in racemes. The cultivar used in this study has an indeterminate growth habit, and development of new vegetative structures continues in the reproductive phase.




2.2.2. Air Temperature


Thermal time (°Cd) was calculated with the daily mean air temperature inside the canopy measured at four points at each treatment in two heights (0.08 m and 0.23 m above soil surface) assuming a base temperature for development of common bean plants equal to 7 °C [48]. Air temperature (°C) from sowing to maturity was recorded with thermocouples every 10 min.




2.2.3. Leaf Appearance


The time of appearance of leaves was observed during the entire crop cycle in the five plants tagged per treatment, and expressed in phyllochrons, i.e., the interval in thermal time (°Cd) between the appearance of two consecutive leaves on a stem or branch. To determine the phyllochron during the reproductive phase when irrigation treatments started, the longest primary branches (branches 1 and 2 generated on the second phytomer of the main stem) with four or five phytomers each (depending on the irrigation treatment) were used. In the four water deficit treatments, the phyllochron was determined for the leaves that appeared during the period when water deficit had been applied.




2.2.4. Final Organ Size, Number and Angles


Final organ sizes were measured with a ruler at the end of the crop cycle as well as the final number of phytomers and leaflet blades, which were recorded prior to harvest in the five tagged plants per treatment. Final length and thickness at the middle of the internodes, maximum length of petioles and petiolules and maximum length and width of leaflet blades (Figure 1) were recorded together with their positions along the plant vertical axis. Positions of organs were represented by the phytomer rank number (R), which is the phytomer position on the main stem or on a branch, and by the cumulative phytomer number (CPN), which is the phytomer position counted starting at the first phytomer of the main stem (Figure 1). Analyzing digital pictures at harvest using the software ImageJ [49] final angles were determined between (1) the internodes of the main stem (with position along the plant vertical axis); (2) the first internodes of primary branches and internodes of the main originating stems (with position along the plant vertical axis); (3) the internodes and petioles; (4) the petioles and petiolules; and (5) the top leaflet blades and their petiolules (for 1–5, refer to Figure 1).



Non-linear models of phytomer rank (R) or cumulative phytomer number (CPN) were fitted to observed data to quantify those organ sizes and angles that vary along the plant vertical axis.



The final length of internodes in each treatment was described by fitting the Cauchy-Lorentz distribution:


Li(CPN)=Lm1+(CPN−xoα)2



(1)




in which Li is the final length of internodes (m), CPN is the cumulative phytomer number, and Lm, xo and α are fitting coefficients: Lm is the maximum final length (m), xo is the CPN at Lm and α the slope coefficient [50].



In bean plants, the longest internodes are also the thinnest ones. The final thickness of internodes of main stems was characterized by a logistic model:


Ti(CPN)=Tm1+expχ(CPN−δ),



(2)




where Ti is the final thickness of internodes (m), CPN is the cumulative phytomer number, and Tm (m), χ and δ are fitting coefficients: Tm is the maximum final thickness (m), χ is the slope of the relationship and δ is the CPN at which the slope is maximal.



Final thickness of internodes of branches, lengths of petioles and petiolules and length and width of leaflet blades of main stems and branches were fitted as a quadratic function of CPN:


y(CPN)=aCPN2+bCPN+c,



(3)




in which y(CPN) is the final size (m), CPN is the cumulative phytomer number and a, b and c (all in m) are fitting coefficients, with a < 0.



Angles between internodes of ranks 1 and 2 of the main stem were 180° given the field observations. All other angles of internodes on the main stem and the angles between the first internode of branches and the internode of the main stem from which it was generated could be characterized as a quadratic function of rank:


x(R)=dR2+eR+f,



(4)




where x(R) is the final angle (°), R is the phytomer rank number on the main stem and d, e and f (all in °) are fitting coefficients, with d < 0.





2.3. Statistics


Statistical analyses were carried out using the R software package v3.1.1 [51]. Analyses were done by applying ANOVA, including a test for normality by Shapiro-Wilk’s test to the variables evapotranspiration, grain yield, shoot biomass, harvest index, number of pods per plant, length of pods, phyllochron, final number of phytomers and leaflet blades and the angle between the petiolules and top leaflet blades. All of them followed a normal distribution. The significance of differences between the average values for the treatments was determined by the Tukey test at 5% probability.



Models were fitted to data using the ‘gnls’ and ‘lm’ functions of the R software package. The choice of the model with the best description of the data per treatment was done applying dummy-variable regression [52] and analyzing final values of the Akaike information criteria (AIC) (smallest AIC indicate the best description of the data) (see Appendix A—Dummy-variable regression method, for a detailed example). The performance of the models fitted was analyzed by the coefficient of determination (r2) and the root mean squared error (RMSE). Fitted coefficients of the models were considered significantly different between irrigation treatments when their 95% confidence intervals did not overlap the 95% confidence intervals of the fitted coefficients of other irrigation treatments.





3. Results


3.1. Water Applied, Evapotranspiration and Yield Traits


Common bean plants need approximately 100 mm of water for each month of the crop cycle [53]. As the cycle of most crop varieties is around 100–120 days, in the order of 350–400 mm of water would be required in adequate growing conditions. In our study, the accumulated water applied in the control was 383 mm (Table 1). Overall, the irrigation deficit treatments received 17% to 32% less water than the control.



Differences in the applied water had effect on evapotranspiration (Table 1). Evapotranspiration was higher in the control treatment decreasing in sequence for PL (−16%), FL (−18%), PH (−28%), and FH (−32%). From comparison with published values [54,55], we conclude that plants in the control treatment transpired at maximum rates, i.e., were not subject to water stress.



Grain yield and shoot biomass were significantly reduced in plants of all water deficit treatments compared with plants of the control treatment (Table 1). Grain yield was reduced in sequence in treatments PL, FL, PH and FH in comparison to control. Shoot biomass, an important trait to obtain high grain yield in legumes [28,56], showed the same tendency. Both yield traits were most affected when irrigation deficit occurred at higher intensities and earlier, during flowering, while water stress during pod formation at a lower intensity led to a lower yield reduction. Although significant differences in grain yield and shoot biomass were found, the Harvest Index (HI) was not significantly different between treatments (Table 1).



No significant differences were observed in the final number of pods per plant (Table 1). Pods in the control treatment were significantly longer than in the other treatments (Table 1). These longer pods produced the highest grain yield. Plants in treatments PL and FL were the second and third most productive and the length of pods of these plants were statistically correlated. The shortest pods were observed on plants of treatments PH and FH, the treatments with lower grain yields.




3.2. Phyllochron


The phyllochron was not different statistically from the phyllochron in the control treatment when water shortage started in the pod formation stage (PL and PH) (Table 1). In this stage, a small part of leaves were still appearing. When treatments started earlier in the flowering stage (FL and FH), the phyllochron increased and was significantly different from all other treatments, ending in a delay in leaf appearance.




3.3. Number of Phytomers and Leaflet Blades


Irrigation treatments affected the average final number of phytomers when water shortage occurred during the flowering stage (Table 1). Moreover, the number of phytomers was significantly reduced when irrigation deficit was more severe (FH). The final number of leaflet blades followed the same pattern observed for phytomers and was only significantly reduced for treatment FH (Table 1).




3.4. Size of Internodes


The length of internodes versus CPN revealed a lag between branches and main stems as can be seen in the example for the control treatment on Figure 2. By fitting the length of internodes of the branches as a function of CPN + 1, both lines became approximately overlapped. This means that, in length, internodes of branches were similar to the internodes of the main stem positioned one level higher in rank. Consequently, the lengths of internodes of the main stems were fitted as a function of CPN and the lengths of branches were fitted as a function of CPN + 1.



The parameterization resulting in the smallest AIC (best description of the data) for the final length of internodes was obtained when coefficient Lm was fitted to each treatment individually. Therefore, Lm was estimated for each irrigation treatment whereas xo and α were assumed to be constant over the treatments (Table 2). These results indicate that there was effect of irrigation treatment on the maximum internode length only, and not the rank at which this maximum occurred (xo), nor on the slope of the distribution curve (α). Internodes of plants in treatment FH were the shortest ones in all CPN (Figure 3). However, length of internodes of the control treatment was close to the ones at FH treatment. Overall, the estimation of length of internodes by the Cauchy-Lorentz distribution with the fitted coefficients captures most of the variation in observed data (r2 above 0.51 on Table 3. The goodness of fit markedly decreased for the irrigation deficit treatments (Table 3). Comparing the coefficient Lm confidence intervals (Table 2), the effect of the irrigation treatments on field data was also observed on fitted models. The most significantly difference was between treatments PL and FH.



From field observations, it was clear that internodes of the main stems are thicker than the internodes of branches, and fitting was therefore done separately. In both cases, there was no significant effect of water deficit on the thickness of internodes (Table S1 of Supplementary Materials).




3.5. Lengths of Petioles and Petiolules


As observed for the length of internodes, the length of petioles and petiolules versus CPN for branches also showed a phase lag compared to the main stems. To represent this, the length of the main stems was represented as a function of CPN, whereas branch lengths were fitted to CPN+1. Applying dummy variables, smaller AIC values were obtained when Equation (3) fitting coefficient a was determined for each irrigation treatment (Figure 4; Table 2). This indicates a significant effect of irrigation deficit on length of petioles and petiolules. However, the quadratic model with the fitted coefficients did not capture all of the variation in the observed data of plants under water stress (r2 decreasing in most of the cases and RMSE increasing for the irrigation deficit treatments (Table 3)). Effect of the irrigation treatments was also identified on fitted models (Table 2). Model for control treatment was significantly different from models for treatments FL, FH and PH, and showed similarities with treatment PL, the less stressed one.




3.6. Size of Leaflet Blades


When plotting length and width of leaflet blades against CPN, two separate data groups were identified: one representing length and width on main stems and the other one grouping the leaflets on branches. In general, leaflets on branches were smaller than leaflets on main stems. Therefore, model fitting was done separately for these two groups. Smaller AIC values were obtained when all fitting coefficients were determined for each irrigation treatment individually, indicating an effect of irrigation treatments of size of leaflets (Figure 5; Figure 6; Table 2). The negative quadratic model fitted allowed to describe the sizes of leaflet blades of main stems and branches (quality of fit in Table 3). There was irrigation effect on fitted coefficients of models (Table 2). On leaflets of branches, fitted coefficients for treatments control and PL were significantly different of the ones for treatment PH. Conversely, fitted coefficients for main stems of treatments control and PH were significantly different of the ones for treatment FL. Irrigation effect was more pronounced on leaflets developed later (last CPNs) and on branches (Figure 5B and Figure 6B) than on leaves generated earlier (first CPNs) and on the main stem of plants (Figure 5A and Figure 6A).




3.7. Angles


No effect of water stress was identified on angles between internodes of the main stems and a simple model with constant coefficients for all treatments describes the data (Table S1 of Supplementary Materials). Angles between first internodes of primary branches and internodes of the main originating stems were significantly affected by irrigation treatment. Those angles can be predicted by a more complex model with coefficients d and e fitted to data of each irrigation treatment individually as a function of phytomer rank number (Figure 7 and Table 2). Fitted models were able to predict the angles satisfactorily (r2 ~ 0.41 to 0.63) and lower goodness of fit was obtained for data of treatments FL and FH (Table 3). Comparing the confidence intervals of coefficients d and e (Table 2), there was a clear effect of the irrigation treatments on fitted models. The most significantly difference was between control treatment and FL and FH, showing an effect of timing of irrigation deficit on angles between first internodes of primary branches and internodes of the main originating stems. In the control treatment, angles increased with rank which makes the internodes of branches gradually more erect to give the structure of internodes a randomized distribution. On treatments FL and FH, initially the angles also increased with rank; however, from rank 4 on, angles decreased and the internodes of the branches dropped downward.



Irrigation treatments also did not significantly affect the angles between internodes and petioles and angles between petioles and petiolules. Differences were found in angles between petiolules and top leaflet blades (Table 1). High similarity was observed between the control treatment and treatments FL and PL which produced the highest grain yields. Plants of treatments FH and PH had the lowest yields and leaves pointing downward due to smaller angles.





4. Discussion


4.1. Water Applied, Evapotranspiration and Yield Traits


Irrigation deficit treatments had effect on evapotranspiration as less water was available for this process. No significant differences were observed in the final number of pods per plant in contrast to previous findings [34,57,58,59]. In a study by Barrios et al., (2005) [43], the number of pods per bean plant was reduced by 63% when no irrigation was applied during the flowering stage. In our experiment irrigation was reduced but not interrupted, and the number of pods was not significantly affected. Pods in the control treatment were significantly longer than in the other treatments, corroborating earlier work [29]. Our findings demonstrate that the final length of pods was reduced mainly as a function of total amount of water applied. The longest pods were observed in plants receiving full irrigation (control), intermediate sizes were observed in plants of both treatments receiving intermediate irrigation intensity (low deficit) and small pods were produced by plants of the most water stressed treatments (high deficit).



Grain yield and shoot biomass were significantly reduced in plants of all water deficit treatments similar to Rosales-Serna et al., (2004) [28]. Barrios et al., (2005) [43] showed grain yield to be reduced by 80% under water stress during the reproductive phase. However, effects were also due to the irrigation intensity imposed to the plants. According to Lopez et al., (1996) [59], water stress during the flowering stage in beans can reduce grain yield up to 70% depending on the level of water deficit. Furthermore, stress occurring from initial flowering to pod filling might affect pod setting and yield through a reduction of the vegetative growth of branches located in the lower nodes of the main stem [60,61]. Limiting the vegetative growth of branches may decrease the source/sink relationship between leaves and pods.



The HI of well-watered bean plants is reported to be around 0.45–0.55 [62,63], the same range as obtained in our control treatment. However, HI of bean genotypes can range between 0.32 to 0.78 [29,58,64,65]. Barrios et al., (2005) [43] showed HI to be reduced by 25.7% under water stress during reproductive phase. It is argued that there is a reduction in remobilization of N and C components from leaves to pods [58]. The comparable HI values between treatments and the control treatment of our study can be explained by the reduction of the final number of leaves given the leaf abscission observed (but not recorded) in water stressed treatments, ending in a reduced shoot biomass As a recommendation, leaf abscission should be recorded on future works to assure the precise estimation of HI.




4.2. Development and Architecture


A general effect reported in literature is the increase of phyllochron with water shortage independent of the stage of its occurrence (e.g., Gholinezhad et al., (2012) [66] for sunflower (Helianthus annuus L.), and Albert and Carberry (1993) [67] for maize (Zea mays L.)). In contrast to these findings, our results indicate that phyllochron of bean plants was more responsive to the timing when water deficit occurred than to the irrigation intensity. Comparable data on the phyllochron of common bean plants under water stress have not been reported. For flowering some data are available, which—while suggesting that flowering is a water-stress sensitive phenological stage—are inconclusive. These data report range of responses: from little response [68] to a delay in flowering only under the highest levels of water deficits [69].



Each phytomer is differentially affected according to its ontogeny and the occurrence of water stress [70]. We are, however, not aware of reports of the number of phytomers in common bean plants in literature. Boutraa and Sanders (2001) [29] reported the number of trifoliate leaves in common beans to be reduced when plants were exposed to water stress. In our case, the reduced number of leaflet blades is possibly a result of the reduced number of phytomers on FH treatment as the last phytomers produced in reproductive phase on treatments control, FL, PL and PH were not produced on plants of treatment FH.



The effect of water treatments on internodes of bean plants was significant on its lengths, instead of on its width. As the relative growth of internodes is greater in length than in width, it can be inferred that the effects were more pronounced on lengths due to the longer periods that they kept growing. However, a clear relation between the irrigation intensity and the timing of water shortage occurrence and length of internodes cannot be identified. These results partly differ from those obtained by Ku et al., (2013) [71] who showed the length of internodes to be dependent on the timing of water shortage.



Petioles and petiolules were shortened in the water treatments, especially in the high irrigation deficit. This effect is more pronounced for higher CPN values, i.e., the organs generated or still actively growing after water irrigation was reduced. Small petioles reduce the resistance of water flow from roots to leaf blades under water stress [72]. Consequently, reducing the size of petioles and petiolules is a plant survival strategy in dry conditions.



Leaf size was reduced on irrigation treatments, but a clear conclusion on the effect of the timing of water shortage occurrence and the irrigation intensity could not be addressed. The effect as more pronounced on leaflets of branches which were developed and growing later during the water shortage (last CPNs). Reduction in size of leaflet blades has a direct effect on leaf area since the total leaf area is proportional to the length and width of blades. Barrios et al., (2005) [43] found a reduction of leaf area of bean plants under water stress of the order of 10% in the main stem as compared to the reduction of 60% observed in branches.



The effect of the irrigation treatments was clear in petioles, petiolules and leaf size, but the irrigation deficit clearly affected more the petioles and petiolules than the stage of its occurrence, and a clear tendency for leaf size could not be found. This result could indicate a loss of the allometric relationship between petioles, petiolules and leaves in water deficit conditions.



The daily movement of leaves of plants under water stress (paraheliotrophism) is already described in literature for many species (e.g., soybeans [73], common bean [29,74,75] and switchgrass (Panicum virgatum) [76]). Paraheliotrophism was observed during the experiment but it was not quantitatively measured. However, our findings indicate that the shoot architecture of the water stressed bean plants (i.e., light capture) was permanently altered over the crop cycle. At the beginning of water shortage, stresses are covered by leaf and shoot movement [77]. However, at some point, irreversible changes occur on leaf slope. From our results, effect of timing of water shortage occurrence was more pronounced on angles between first internodes of primary branches and internodes of the main originating stems, significantly reducing them when water shortage started at flowering stage. On the other hand, angles between petiolules and top leaflet blades were mainly reduced due to higher irrigation deficit applied. Given that all other angles between organs were similar, plants presenting smaller angles close to main stems and at the end of phytomers have leaflet blades pointing downwards. To our knowledge, this is the first study to have explicitly quantified the long term alteration on angles of shoot architecture of common bean plants at different irrigation intensities.



The main effects of water stress on the shoot architecture of common bean plants are summarized on Figure 8 for control treatment and treatment FH. The larger the water shortage in the flowering stage, the larger the effects. Most stressed plants were shorter, leaves were smaller and pointing downward. The appearance of consecutive leaves was slower, and the final number of phytomers and leaflets decreased. Specifically comparing plants of treatment FH to the treatment control plants (Figure 8), internodes, petioles, petiolules were shorter, length and width of leaflet blades were smaller on branches and on main stems, and the angles between internodes of primary branches and main stems (close to main stems) and between petiolules and top leaflet blades (end of phytomers) decreased.



Effect of water shortage on architecture and transpiration of common bean plants limited production. The combined effect of less available water, less transpiration with smaller leaves pointing downwards and intercepting less sunlight led to small pods, less grain yield and shoot biomass. Those effects were mainly observed in the plants in treatment FH. Plants of treatments control, FL, PL and PH had higher grain yields. However, no treatment effect was observed on the final number of pods and on the harvest index. Annual grain legumes as common beans are more sensitive to water shortage than legume plants with perennial growth habit due to the shallow and sparse root systems [78]. Soybeans and pigeon pea (Cajanus cajan (L.) Millsp.) are reported to have reduced grain yield under water shortage [43,73,79]. In these studies, water stress led to a modified architecture (e.g., smaller leaves) and changes in yield components (e.g., less grain yield and shoot biomass) similar to the ones identified in our study.



Water shortage may induce other stresses besides water stress. As a reduced part of the net radiation is consumed to evaporate water on leaves, there is more available energy to sensible heating, increasing leaf temperature. The heat stress inhibits photosynthesis, a highly temperature sensitive process [10]. In addition, water shortage decreases cell turgor pressure and induces wilting. To keep cell turgor and soil water uptake, plants adjust osmotically by synthetizing osmoprotectants. When accumulated in higher concentrations, these osmoprotectants lead to osmotic stress, affecting the physiological status and plant growth [80]. Osmotic stress also occurs when plants are grown on saline soils. The continued use of irrigation without adequate drainage management in drought-prone areas where common bean is produced in developing tropical and subtropical regions may lead to soil salinization. Preventing water stress in field production by irrigation may not be the ideal way out for avoiding alterations on common bean shoot architecture and the reduction on production as other stresses could be acting together. From our findings, bean plants are less affected by water shortages with low intensities on pod formation than on flowering. As a management strategy, farmers allow some reduction of water availability (like −30% of the plant water requirement) during the pod formation stage without significant reductions on yield.




4.3. Outlook


A dynamic and precise methodology to quantify sunlight interception of common bean plants under water limitation and its impact on physiological processes and growth is an issue for further investigation. Currently, we are lacking the tools to translate these detailed architecture measurements into the Lambert Beer extinction coefficients. A promising methodology would be the use of Functional Structural Plant (FSP) model [81,82]. In our study, FSP models could be applied to check the extent to which architectural changes caused by water stress led to reduced production. Moreover, FSP models allow a detailed investigation on distribution of sunlight capture by each organ and the time course of light interception. Describing plant architecture requires species and cultivar-specific information about when and where organs appear, as well as how they are positioned within plants. FSP models can be calibrated and tested on the basis of the relationships found in our study. Output of sunlight interception and leaf area over time produced by FSP models could be, for example, used to improve the predictive capacity of crop growth models. The observed historical crop yields are different from the results from crop models due in parts to the difficulty in representing plant architecture [5]. The combined use of architectural models could help to include second order water stress effects on crop models.



Two limitations of our study can be addressed and better explored in a future work. First, only one growing season was analyzed (2015). Data is not enough or representative to establish a strong conclusion to support findings of the effects of water shortage on common bean yield through modifications of plant shoot architecture. Moreover, only one cultivar was used (crop variety Berna). A comparison between different common bean cultivars taking into account their water shortage tolerance or sensitivity conducted in broader environmental conditions expressed in different growing seasons can support and clarify the results of our study.
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Appendix A. Dummy-Variable Regression Method


Applying dummy variables in the models indicates whether a coefficient can represent the entire dataset of all treatments or whether it must be fitted to each treatment separately due to the treatment effect. To include dummy variables in a model, they should be converted to continuous variables that assume only two values, 0 or 1. For each coefficient of a model with j categories, j−1 dummy variables are needed. In this specific case, j is equal to 5 representing the number of irrigation treatments, and four dummy variables are needed. For the Cauchy-Lorentz distribution model (Equation (1)) with three coefficients (Lm, xo and α), the dummy variables are d1, d2, d3 and d4 with values of 0 or 1 and the coefficients Lm,1…Lm,4, xo,1…xo,4, and α1…α4:


Li(CPN)=Lm+d1Lm,1+d2Lm,2+d3Lm,3+d4Lm,41+(CPN−xo+d1xo,1+d2xo,2+d3xo,3+d4xo,4α+d1α1+d2α2+d3α3+d4α4)2








then indicates how different the effects of water stress treatments are from those of the reference (control), i.e., the coefficients for dummy variables express the differential effects of each category compared to a reference category (in which all dummy variables are equal to zero). Some types of models were tested differing in the number of dummy variables used. In the so-called extended model, dummy variables were applied to all model coefficients and all of them were fitted. In the simplest case, no dummy variables were applied and only Lm, xo and α were fitted. Combinations of coefficients were also analyzed. For example, in a model Lm-α, the dummy variables were applied to these two coefficients and were not applied to coefficient xo.
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Figure 1. Schematic figure of part of a bean plant with the organs (sizes and angles) measured in this study. Dashed line indicates the structures of a phytomer: lateral buds, an internode, a node and a trifoliate leaf. CPN is the cumulative phytomer number (i.e., the phytomer number counted from the first phytomer of the main stem) and Rank is the phytomer number counted from the bottom of the shoot it belongs to (figure not to scale). 
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Figure 2. Average length of internodes (10−2 m) of main stems and branches as a function of CPN and branches as a function CPN + 1 for the control treatment. 
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Figure 3. Average observed final length of internodes (10−2 m) (symbols) and fitted Cauchy-Lorentz distribution (lines) as a function of CPN for all irrigation treatments. 






Figure 3. Average observed final length of internodes (10−2 m) (symbols) and fitted Cauchy-Lorentz distribution (lines) as a function of CPN for all irrigation treatments.



[image: Agronomy 09 00160 g003]







[image: Agronomy 09 00160 g004 550]





Figure 4. Average observed final length of (A) petioles and (B) petiolules (10−2 m) (symbols) and fitted quadratic model (lines) as a function of CPN for all irrigation treatments. 
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Figure 5. Average observed final length of leaflet blades of (A) the main stems and (B) branches (10−2 m) (symbols) and fitted quadratic model (lines) as a function of CPN for all irrigation treatments. 
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Figure 6. Average observed final width of leaflet blades of (A) the main stems and (B) branches (10−2 m) (symbols) and fitted quadratic model (lines) as a function of CPN for all irrigation treatments. 
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Figure 7. Average observed final angles between first internodes of primary branches and internodes of the main originating stems (°) (symbols), fitted quadratic model (lines) as a function of the phytomer rank number of main stems for all irrigation treatments. 
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Figure 8. Effect of water treatments on organ sizes of treatments control and FH (length and width of leaflet blades, length of petioles and petiolules, length of internodes, angles between the first internode of primary branches and internodes of the main originating stems, and angles between petiolules and top leaflet blades) (figure not to scale). 
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Table 1. Total water applied (mm), average evapotranspiration (mm d−1), grain yield (g plant−1), shoot biomass (g plant−1), harvest index HI, final number of pods per plant, average length of pods (m), phyllochron (°Cd) on branches 2.1 and 2.2 (branches 1 and 2 generated on second rank of main stems), final number of phytomers, final number of leaflet blades and angles between petiolules and top leaflet blades (°) (± standard error) for all treatments. FL: flowering stage, low deficit; FH: flowering stage, high deficit; PL: pod formation state, low deficit; PH: pod formation stage, high deficit.
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Variable

	
Treatment




	
Control

	
FL

	
FH

	
PL

	
PH

	






	
Water applied (mm)

	
383

	

	
308

	

	
259

	

	
316

	

	
272

	




	
Evapotranspiration (mm d−1)

	
4.89 ± 0.22 1

	
a

	
3.99 ± 0.12

	
b

	
3.33 ± 0.11

	
c

	
4.11 ± 0.14

	
b

	
3.54 ± 0.13

	
c




	
Grain yield (g plant−1)

	
12.89 ± 0.34

	
a

	
9.31 ± 0.25

	
c

	
7.16 ± 0.31

	
d

	
11.09 ± 0.31

	
b

	
8.16 ± 0.40

	
cd




	
Shoot biomass (g plant−1)

	
24.95 ± 1.23

	
a

	
16.84 ± 0.80

	
c

	
13.18 ± 0.67

	
d

	
19.42 ± 1.17

	
b

	
15.52 ± 0.47

	
cd




	
Harvest index (HI)

	
0.52 ± 0.03

	
a

	
0.56 ± 0.03

	
a

	
0.55 ± 0.03

	
a

	
0.58 ± 0.04

	
a

	
0.53 ± 0.04

	
a




	
Number of pods per plant

	
39.41 ± 1.23

	
a

	
41.24 ± 1.81

	
a

	
33.04 ± 2.97

	
a

	
37.49 ± 2.03

	
a

	
40.87 ± 1.56

	
a




	
Length of pods (10−2 m)

	
9.86 ± 1.91

	
a

	
8.12 ± 2.18

	
b

	
7.74 ± 2.26

	
c

	
8.98 ± 2.14

	
b

	
7.35 ± 2.21

	
c




	
Phyllochron on branch 2.1 (°Cd)

	
67.91 ± 4.15

	
a

	
91.81 ± 1.23

	
b

	
91.44 ± 1.02

	
b

	
68.94 ± 1.22

	
a

	
71.91 ± 1.43

	
a




	
Phyllochron on branch 2.2 (°Cd)

	
66.77 ± 6.56

	
a

	
91.86 ± 0.85

	
b

	
91.34 ± 1.25

	
b

	
76.62 ± 3.64

	
a

	
76.37 ± 4.16

	
a




	
Final number of phytomers

	
21.03 ± 1.08

	
a

	
17.84 ± 1.25

	
ab

	
14.21 ± 1.66

	
b

	
20.49 ± 1.07

	
a

	
21.45 ± 0.79

	
a




	
Final number of leaflet blades

	
55.03 ± 3.71

	
a

	
44.44 ± 4.85

	
ab

	
33.21 ± 2.82

	
b

	
52.81 ± 4.67

	
a

	
52.08 ± 1.23

	
a




	
Angles—petiolules and top leaflet blades (°)

	
135.22 ± 1.72

	
a

	
134.07 ± 2.86

	
a

	
120.89 ± 4.01

	
b

	
130.63 ± 2.29

	
a

	
126.62 ± 1.72

	
b








1 Values in the same line followed by the same letter do not significantly differ (Tukey test at 5% probability).
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