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WARMING AND WATER DEFICIT IMPACT THE NUTRITIONAL 

PERFORMANCE OF A C4 AND C3 TROPICAL GRASS 

 

 

ABSTRACT- Global warming is predicted to increase the intensity and duration of 

extreme weather events, such as droughts, heat waves, and floods, especially in 

tropical regions. Climate change affect growth of forage species. However, information 

regarding the effects of global climate change on the nutritional performance of tropical 

pastures is lacking, especially under field conditions. We, thus, conducted two field 

experiment with Panicum maximum and Stylosanthes capitata using a temperature 

free-air controlled enhancement system and evaluated the effects of two temperature 

conditions, ambient temperature and moderate warming (2°C above ambient canopy 

temperature), and two levels of water availability, irrigated and non-irrigated, on 

nutrients accumulation, nutrient use efficiency (NUE), the stoichiometric patterns of 

C:N:P and leaf biomass production. Both experiments was conducted using a 

randomized complete block design in a factorial arrangement. Our findings revealed in 

plants of P. maximum (C4- grass) that the N and P leaf concentration greatly 

decreased under water-stressed, which increased the C:N and C:P ratios, while 

warming increased the N:P ratio. Leaf biomass production was impaired by up to 16% 

under water stress and ambient temperature conditions, but the biomass production 

was improved by 20% under warming and irrigated conditions. Our results also showed 

that homeostatic instability under rainfed conditions resulted in decreased leaf biomass 

production, and it was concluded that warming is only beneficial for plant growth under 

well-irrigated conditions. Meanwhile, drought decreased NUE of K, Ca, and B and the 

leaves dry biomass, while root growth was stimulated. However, under combined 

warming and irrigation increased the leaves dry biomass, root dry biomass, root length 

density, root surface area and the NUE of N, P, K, Ca, Mg, Cu, Mn, and Zn. On the 

other hand, in the second experiment with plants of S. capitata (C3-pasture), our 

results showed that drought conditions decreased phosphorous (P) concentrations and 

increased N:P ratio in different plant organs. We found that aboveground biomass 

production declined significantly under drought and high temperature conditions (wSaT 

and wSeT); we observed a decrease in nitrogen (N) content, a decrease in 

leaf/inflorescence and leaf/stem ratios, and an increase in C:N ratio in vegetative 

organs. However, under warm and well-irrigated conditions, the leaf biomass 

increased approximately 33%. We have concluded that warm and well-watered 

conditions without restrictions in soil nutrient availability can enhance plant production, 

presumably due to a higher level of stoichiometric homeostasis. 

Key words: Tropical pasture, nutrients uptake, combined stresses, climate change, 

stoichiometric homeostasis, field assessment 
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CHAPTER 1- General considerations 

1. Introduction 

Human activity is currently changing our environment rapidly, with predicted 

temperature increases of 1–5°C over the coming century (IPCC, 2018). Global change 

is characterized by increased CO2 concentration in the atmosphere, increasing 

average temperature and more frequent extreme events including drought periods, 

heat waves and flooding (Feller, 2016). Nowadays, the adverse consequences of 

global warming, expressed as global climate change, are among the main actual 

environmental concerns faced by human beings (Kerr, 2005; IPCC, 2018).  

Global climate change is already occurring and will become increasingly evident, 

where plants, whether native or cultivated, will be confronted with limited options to 

avoid loss of habitat or extinction: adapting, migrating, or dying. Ecosystems such as 

forestry, agriculture and tropical pasture are particularly vulnerable (Martinez et al., 

2015). Therefore, it is crucial to understand the mechanisms involved in plant 

responses to climate change and the possible consequences for biodiversity and 

human and animal feeding (Olivera Viciedo et al., 2019). 

According to the Food and Agriculture Organization (FAO) reports that 

permanent meadows and pastures cover 3.4 billion ha or 69 % of the world's 

agricultural area (O’Mara, 2012). Only Brazil has an area of more than 196 Mha of 

pastures (23% of the country) (FAO, 2013). Thus, tropical grasslands represent an 

important resource for the Brazilian cattle industry, which is heavily dependent on 

grazed pastures (Faría et al., 2013). Approximately half of the world’s bovine meat is 

produced in tropical or subtropical areas (FAOSTAT, 2011). Pastures serve as the 

basis for beef production in Brazil and occupy an area of 101.4 million hectares (IBGE, 

2011), which, when considered together with natural pastures, is similar to the area 

occupied by crops and forests (Jank et al., 2011). 

In tropical region, forages such as Panicum maximum and crops such as maize 

and sorghum are the most important C4 plants (Ghannoum et al., 2000). In addition, 

the C3 legume Stylosanthes capitata Vogel, widely used in tropical and subtropical 

regions with a wide distribution in Brazil (Martinez et al., 2014); da Silva Chaves et al., 

2016). This species is often rainfed and when is mixed with other tropical grasses such 
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as Panicum maximum could increase productivity and improved nutritional quality. 

However, sown pasture grasses in Brazil differ in growth rate, nutrient requirements, 

and the sensitivity to warming and water stress. 

For plant nutrition the knowledge of nutrients accumulated at each growth stage 

provides very important information that may aid in the crop fertilization program. 

However, they reflect what the plant needs and not how much should be applied, 

because the NUE and stoichiometric ratio must be considered, which is variable and 

responds according to the climatic conditions. Understanding these complex 

relationships requires a detailed study will simulate the changes that could happen in 

the coming years due the increase of temperature and drought. 

Nowadays there are few works studying interaction between warming and 

drought particularly in field conditions and especially in Panicum maximum and 

Stylosanthes capitata pasture and this information may change or even reverse our 

actual knowledge of biomass production and survival of both plants. This presupposes 

that the behavior of plants in adverse situations is dependent (at least in part) on their 

adaptation and tolerance to isolated or combined stress conditions. However, 

evaluations of these additive effects are rare; therefore, it is important that multifactorial 

experiments are designed when evaluating plant responses to climate change 

variables (Olivera Viciedo et al., 2019). 

A perusal of literature reveals that information on comparative responses of C3 

and C4 plant types to water stress and warming, especially at nutritional performance 

is meager. Hence, evaluation of these plants for their response (s) to water stressand 

elevated temperature, especially at nutritional performance would be worthwhile due 

to both academic and practical reasons. 

In this study, we tested three main hypotheses: i) warming under well-watered 

conditions and nutrients promote a higher stoichiometric homeostasis and increase the 

plant growth and biomass production; ii) water stressed plants will decrease the 

accumulation of nutrients, stoichiometric homeostasis and NUE, resulting in a reduced 

biomass production; iii) warming will exacerbate the negative impacts of drought. 
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2. Literature review 

Plant responses to climate change have been extensively studied using systems 

such as growth chambers, gradient tunnels, open top chambers and FACE (Free Air 

Carbon Enrichment) (Ainsworth and Long, 2004). However, the great majority of the 

studies were conducted with species of temperate climate, with little information 

regarding the effects of air temperature on tropical agroecosystems, including foraging 

pastures (Gonzalez-Meler et al., 2017). Especially the impacts of drought and warming 

on accumulation of nutrients, stoichiometric homeostasis, NUE and biomass 

production of two tropical grass are considered in this review. 

2.1. Global Warming 

Global warming are characterized by increased CO2 concentration in the 

atmosphere, increasing average temperature and more frequent extreme events 

including drought periods, heat waves and flooding (Feller, 2016). This change have 

direct influence on natural and agrosystem functioning (Lal, 2002).  

Modifications in hydrologic regimes and atmosphere temperature due to 

anthropogenic greenhouse effect provoke variations in plant productivity and therefore, 

affect food production (IPCC, 2007, 2018). Crop  simulation  models,  driven  by  future  

climate scenarios from global circulation models, suggest that  the  reduction  in  

agricultural  production  would  be more  severe  in  tropical  regions, where there  is  

still  a  shortage  of  food  production (Cerri et al., 2007).  

Only Brazil did undergone an increase of minimum temperatures in 1.4 ˚C every 

10 years from 1951 to 2002, meanwhile, the maximum temperatures increased in 0.4-

0.6 ˚C (Orsini 2007). In addition, São Paulo state presented a maximum temperature 

of 37.2 ˚C in 2014 (Marengo, 2014). The elevated temperature will bring variations in 

the precipitation of different regions and seasons (Trenberth et al., 2014), for instance, 

according to INPE (2016), Brazil will have a reduction of the precipitation, and an 

increase of temperature, causing a detrimental effect on the agricultural activity 

(Marengo et al., 2017). Uncertainties about the future behavior of the climate are 

especially significant as regards what will happen to the hydrological cycle, especially 

in the southern hemisphere. In relation to rainfall, however, there are uncertainties, 

with studies showing different trends for some regions, although in others, there is 
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great reliability, as for the Southern Region of Brazil and the Prata basin, where rains 

will increase, however in the east of the amazon and the northeast will be a reduction 

(Marengo, 2014).  

2.3. Water stress 

Drought is defined as insufficiency of rainfall over an extended period causing 

adverse impacts on living organisms: vegetation, animals and people (Habermann et 

al. 2019). Low water availability is a primary environmental factor limiting the growth of 

numerous plant species (Peterson et al., 1992), via reductions in leaf appearance and 

extension rates (Volaire et al., 1998). The inadequate water availability causes water 

stress for plant and reduced productivity (Habermann et al., 2019; Olivera Viciedo et 

al., 2019). Plant responses to water stress involve molecular, biochemical, 

morphological mechanisms (Basu et al., 2016) and stoichiometric (Olivera Viciedo et 

al., 2019) and may differ between C3 and C4 species. 

During water deficit, the photosynthetic capacity of C3 plant leaves is limited by 

reduced CO2 diffusion from the atmosphere to the carboxylation site due to stomatal 

closure and reduced mesophyll conductance (Flexas et al., 2006).  Photosynthesis in 

C4 plants is equally, or even more, sensitive to water deficit than C3 plants, despite 

the greater capacity and water‐use efficiency (WUE) of their photosynthetic pathway 

(Lee et al., 2013). 

2.4. C3 and C4 plants 

Grasslands cover a greater fraction of Earth's land surface than any other plant 

type (Williams et al., 1968). In northern latitudes and higher elevations, grasses 

(Poaceae) with the C3 photosynthetic pathway are more abundant, while grasses with 

the C4 photosynthetic pathway are more abundant in hotter climates (Teeri and Stowe, 

1976). C3 and C4 grasses are also often separated in time, as the terms ‘cool‐season’ 

(C3) and ‘warm‐season’ (C4) grasses suggest. The adaptation of C4 grasses to high‐

temperature and high‐light environments has produced anatomical and biochemical 

features that impact their nutritional quality for herbivores. The leaves of C4 grasses 

have narrowly spaced veins, each of which is composed of a vascular bundle 

surrounded by concentric layers of bundle sheath cells and mesophyll cells (Laetsch, 
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1974). As a result of their greater photosynthetic efficiency, C4 grasses frequently have 

lower levels of photosynthetic enzymes and lower protein levels overall compared with 

C3 grasses. Caswell et al. (1973) hypothesized that C4 grasses are nutritionally inferior 

to C3 grasses (Barbehenn et al. 2004). However, a more recent comparison found no 

significant differences between protein or water levels in C3 and C4 grasses (Scheirs 

et al., 2001). 

Water deficit stress has profound impact on ecological and agricultural systems 

(Rochefort and Woodward, 1992). The ecosystem function may be altered due to 

change in relative abundance of plant functional groups (e.g., C3 versus C4) in natural 

systems (Epstein et al., 1998). Moreover, the production potential of crops having 

either C3 (e.g., S capitata) or C4 (e.g., P. maximum) is greatly reduced due to frequent 

droughts causing marked yield loss (Habermann et al., 2019; Olivera Viciedo et al., 

2019). 

The reactions of the plants to water stress differ significantly at various 

organizational levels depending upon intensity and duration of stress as well as plant 

species and its stage of development (Chaves et al., 2003). C3 and C4 plants have 

evolved in different climates and consequently differ from each other both structurally 

and functionally as well as for their climatic requirements (Ward et al., 1999). While C3 

plants are believed to have a temperate origin, C4 plants have evolved in tropical and 

arid environments (Ward et al., 1999). 

2.5. Stoichiometric homeostasis 

Stoichiometric homeostasis is the ability of plants remaining their element 

composition relatively stable regardless of changes in nutrient availability, via various 

physiological mechanisms (Peng et al., 2016). Nutrient absorption is one of such key 

mechanisms, however how nitrogen and phosphorus homeostasis and resorption in 

plants would change with growth-stages under different soil water availabilities and 

warming on one C3 and C4 pasture grass was unclear. 

Organisms with high homeostatic capacities can maintain a relatively constant 

content of different elements and their ratios in changing environments (Sterner and 

Elser, 2002). However, it is widely known that primary producers exhibit a wide range 

of homeostatic capacities among species, each with their own stoichiometric ratio and 
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survival strategy (Elser et al., 2000). Over the past few decades, plant growth and 

stoichiometric ratios of plant species in tropical regions have been changing in 

response to climate change, mainly owing to higher air temperatures, heat waves, and 

water stress conditions (Prado and Silva, 2017; Olivera Viciedo et al., 2019).  

2.6. Panicum maximum 

Brazilian commercial beef cattle herds are the largest in the world, and Brazil is 

the leader in global bovine meat exports (FAOSTAT, 2011). Bovine meat production 

in Brazil is performed exclusively on pasture, according to international market 

concerns regarding food security (Jank et al., 2011). Guinea grass (Panicum maximum 

Jacq or Megathyrsus maximus Jacq.) as it is known interchangeably, is a forage grass 

that is native to Eastern and Southern Africa and is found in tropical and subtropical 

regions used to feed beef cattle, which is an important economic activity in Brazil. 

African forage grasses evolved in the presence of large mammals, so they are able to 

tolerate intense grazing and are very productive, vigorous and robust (Jank et al., 

2011). 

Panicum maximum is important for pasture and for green silage and production 

in the tropical Americas because of its high yield and nutritional content. This specie is 

adaptable to diverse ecosystems and is grown in several countries (Savidan 1981). It 

is the most productive seed-propagated tropical forage grass and the second most 

cultivated forage grass in Brazil (Toledo-Silva et al., 2013). 

2.7. Stylosanthes capitata 

Stylosanthes capitata Vogel is an herbaceous native plant of areas and savanna 

formations of center of Brazil and Venezuela. Species  of  Stylosanthes  are  among  

the  most  important  tropical  pasture legumes for large tracts of acid and infertile soils 

in semiarid  and  arid  environments  (Edye and Stace, 1984).  When  used  in  

association  with  suitable grass species or as cut and carry fodder, Stylosanthes can 

increase  meat  and  milk  production  in  tropical  and  subtropical  regions  of  the  

world  where  animals  often  suffer  from  a  low  protein  diet (Chakraborty et al., 

2002). 
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This legume is used as a forage in a consortium with native and exotic grasses 

with good adaptation to the tropical conditions (Fernandes et al., 2005). Besides 

presenting high indices of dry matter weight, nutritional quality and seed productivity 

(Miles, 1983). Only in Brazil, about 30 species are found, mainly in the cerrado 

(Brandão and Costa, 1979). Stylosanthes can be easily integrated in subsistence 

agriculture as an alternative to expensive protein supplements. 

2.8. Temperature Free-Air Controlled Enhancement (T-FACE) 

Temperature Free-Air Controlled Enhancement (T-FACE) can be used in field 

experiments to simulate global warming conditions (Figure. 1). This type of experiment 

applies a heating treatment to open-field plant canopies, simulating models of future 

warmer conditions. The degree of warming is maintained using the proportional-

integrative-derivative control system for controlling the rise in temperatures (Kimball, 

2005). Apogee Infrared Radiometers sense the canopy temperatures of the heated 

plots as well as unheated reference plots which are used by dataloggers to modulate 

the output of the heaters. Regarding to the use of T-FACE there are many reports 

displaying is a useful this system for field experiments (Olivera Viciedo et al., 2019; 

Habermann et al., 2019; Martinez et al., 2015). Today T-FACE is using in different 

country and in different crops such as wheat (White et al., 2012), rice (Hasegawa et 

al., 2013) and soybean (Prior et al., 2006). 

 

Figure 1. Temperature Free-Air Controlled Enhancement (T-FACE) Systems in guinea 
grass. Photo: Dilier Olivera Viciedo 
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2.9. Pasture nutritive value 

Predicted climate changes will also alter the nutritive value of pasture and crop 

plants. Greater temperatures and a higher incidence of extreme events such as 

drought may reduce nutritive value, at least of C3 plants. High temperatures increase 

the fiber content and reduce the WSC content and digestibility of C3 plants (Roche et 

al., 2009). Meanwhile, in a recent study with P. maximum plants exposed to moderately 

warm conditions, the plants’ biomass production and fiber content increased, while 

crude protein content decreased, leading to a reduction of forage digestibility 

(Habermann et al., 2019) 

Increased temperatures in the future will also bring forward reproductive 

development due to the required number of growing degree days being achieved more 

quickly (Tait et al., 2012). Earlier reproductive development and more rapid 

senescence are likely to penalize nutritive value (i.e. increase lignin content) of dairy 

pastures, with the normal reduction in summer pasture nutritive value occurring 

sooner. 

One of the flow‐on effects of greater lignification/indigestible neutral detergent 

fiber (NDF) content in C3 plants is reduced rate of passage through the rumen, which 

reduces voluntary DM intakes and makes it more difficult to achieve high per cow milk 

production on farms where stocking rates may be reduced as a strategic adaptation to 

climate change (Clark and Wilson, 1993). 

These plant‐level responses also need to be considered at the pasture 

ecosystem level, again an area upon which there is little information. Increasing 

contribution from subtropical C4 grasses and weeds will likely reduce nutritive value of 

the pasture as a whole as these species have greater indigestible fiber 

content/reduced digestibility and lower CP and WSC content than C3 species 

(Barbehenn et al., 2004). 

3. References 

Ainsworth EA, Long SP (2004) What have we learned from 15 years of free-air CO2 

enrichment (FACE) A meta-analytic review of the responses of photosynthesis, 

canopy properties and plant production to rising CO2. New Phytol 165:351–372. 

doi: 10.1111/j.1469-8137.2004.01224.x 



9 

 

 

Barbehenn R V, Chen Z, Karowe DN, Spickard A (2004) C3 grasses have higher 

nutritional quality than C4 grasses under ambient and elevated atmospheric CO2. 

Glob Chang Biol 10:1565–1575. doi: 10.1111/j.1365-2486.2004.00833.x 

 

Basu S, Ramegowda V, Kumar A, Pereira A (2016) Plant adaptation to drought stress. 

F1000Research 5:. doi: 10.12688/f1000research.7678.1 

 

Brandão, M.B. and Costa, N.M.S. (1979). O gênero Stylosanthes Swartz no Brasil. 

Minas Gerais, Epamig, 107p. 

 

Caswell H, Reed F, Stephenson SN, Werner PA (1973) Photosynthetic Pathways and 

Selective Herbivory: A Hypothesis. Am Nat 107:465–480. doi: 10.1086/282851 

 

Cerri CEP, Sparovek G, Bernoux M, et al (2007) Tropical agriculture and global 

warming: impacts and mitigation options. Sci Agric 64:83–99. doi: 

10.1590/S0103-90162007000100013 

Chakraborty S, Fernandes CD, Charchar MJ A, Thomas MR (2002) Pathogenic 

Variation in Colletotrichum gloeosporioides Infecting Stylosanthes spp. in a Center 

of Diversity in Brazil. Phytopathology 92:553–562. doi: 

10.1094/PHYTO.2002.92.5.553. 

 

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant responses to drought 

from genes to the whole plant. Funct Plant Biol 30:239. doi: 10.1071/FP02076. 

 

Clark D, Wilson J (1993) Implications of improvements in nutritive value on plant 

performance and grassland management. 

 

da Silva Chaves J, Baraúna AC, Mosqueira CA, et al (2016) Stylosanthes spp. from 

Amazon savanna harbour diverse and potentially effective rhizobia. Appl Soil 

Ecol 108:54–61. doi: 10.1016/J.APSOIL.2016.08.003. 

 



10 

 

Edye L, Stace H (1984) The biology and agronomy of Stylosanthes. CSIRO (Australia). 

Division of Tropical Crops and Pastures. Stylosanthes Symposium (1982 : 

Townsville Q Publisher: Academic Press pp: 636. 

 

Elser J, Sterner R, Gorokhova E, et al (2000) Biological stoichiometry from genes to 

ecosystems. Ecology Letters, 3(6), 540-550. 

 

Epstein HE, Lauenroth WK, Burke IC, Coffin DP (1998) Regional productivities of plant 

species in the Great Plains of the United States. Plant Ecol 134:173–195. doi: 

10.1023/A:1009732800810. 

 

FAO (2013) Statistics | Food and Agriculture Organization of the United Nations. In: 

Stat. Yearb. 2. http://www.fao.org/statistics/en/. Accessed 28 Jun 2019. 

 

FAOSTAT (2011) "Available online at: http://faostat. fao. org/site/291/default. 

aspx." Food and Agriculture Organization.Faría AF, Pedreira CGS, Pequeno DNL, 

et al (2013) Tropical grasslands-Forrajes tropicales. Trop Grasslands-Forrajes 

Trop 1:71–73. 

 

Feller U (2016) Drought stress and carbon assimilation in a warming climate: 

Reversible and irreversible impacts. J Plant Physiol 203:84–94. doi: 

10.1016/j.jplph.2016.04.002. 

 

Fernandes C, Grof B, … SC- (2005) Stilosantes Campo Grande in Brazil: a tropical 

forage legume success story. In Proceedings of XX International Grassland 

Conference: Offered papers. Wageningen Academic Publishers, Dublin, IRL (p. 

330). 

 

Flexas J, Bota J, Galmés J, et al (2006) Keeping a positive carbon balance under 

adverse conditions: responses of photosynthesis and respiration to water stress. 

Physiol Plant 127:343–352. doi: 10.1111/j.1399-3054.2006.00621.x. 

 



11 

 

Hasegawa T, Sakai H, Tokida T, Nakamura H, Zhu C, Usui Y, Yoshimoto M,Fukuoka 

M, Wakatsuki H, Katayanagi N, Matsunami T, Kaneta Y, Sato T, Takakai F, 

Sameshima R, Okada M, Mae T, Makino A (2013) Rice cultivarresponses to 

elevated CO2 at two free-air CO2 enrichment (FACE) sites in Japan. Functional 

Plant Biology 40: 148-159. 

 

Ghannoum O, Caemmerer S Von, Ziska LH, Conroy JP (2000) The growth response 

of C4 plants to rising atmospheric CO2 partial pressure: a reassessment. Plant 

Cell Environ 23:931–942. doi: 10.1046/j.1365-3040.2000.00609.x. 

 

Gonzalez-Meler MA, Silva LBC, Dias-De-Oliveira E, et al (2017) Experimental Air 

Warming of a Stylosanthes capitata, Vogel Dominated Tropical Pasture Affects 

Soil Respiration and Nitrogen Dynamics. Front Plant Sci 8:46. doi: 

10.3389/fpls.2017.00046. 

 

Habermann E, Dias de Oliveira EA, Contin DR, Delvecchio, G., Viciedo, D. O et al 

(2019) Warming and water deficit impact leaf photosynthesis and decrease forage 

quality and digestibility of a C4 tropical grass. Physiol Plant 165:383–402. doi: 

10.1111/ppl.12891 

IPCC (2018) Special Report on the impacts of global warming of 1.5°C above pre-

industrial levels and related global greenhouse gas emission pathways, in the 

context of strengthening the global response to the threat of climate change, 

sustainable development, and eff. In: Global Warming of 1.5°C. p 91. 

 

IPCC (2007) Climate change 2007: the physical science basis: summary for 

policymakers. Geneva: IPCC. 

 

IBGE  (2011)  Pesquisa  Pecuária  Municipal  (1974  –  2009). Available  at  

http://www.sidra.ibge.gov.br/bda/tabela/listabl.asp?c=73&z=p&o=23.   

 

Jank L, Valle C, Resende R (2011) Breeding tropical forages. Crop Breed Appl 

Biotechnol 11:27–34. doi: 10.1590/S1984-70332011000500005. 



12 

 

 

Kerr RA (2005) How hot will the greenhouse world be? Science 309:100. doi: 

10.1126/science.309.5731.100. p. 100-100. 

 

Laetsch WM (1974) The C4 Syndrome: A Structural Analysis. Annu Rev Plant 

Physiol 25:27–52. doi: 10.1146/annurev.pp.25.060174.000331.  

 

Lal R (2002) Soil carbon dynamics in cropland and rangeland. Environ Pollut 

116:353–362. doi: 10.1016/S0269-7491(01)00211-1. 

 

Lee JM, Clark AJ, Roche JR (2013) Climate-change effects and adaptation options for 

temperate pasture-based dairy farming systems: a review. Grass Forage Sci 

68:485–503. doi: 10.1111/gfs.12039. 

 

Marengo J, Alves L, Alvala R, et al (2017) Climatic characteristics of the 2010-2016 

drought in the semiarid Northeast Brazil region. An Acad Bras Cienc 90:1973–

1985. doi: 10.1590/0001-3765201720170206. 

 

Marengo JA (2014) O futuro clima do Brasil. Rev USP 25. doi: 10.11606/issn.2316-

9036.v0i103p25-32. 

 

Martinez C, Bianconi M, Silva L, et al (2014) Moderate warming increases PSII 

performance, antioxidant scavenging systems and biomass production in 

Stylosanthes capitata Vogel. Environ Exp Bot 1:58–67. 

 

Martinez CA, Dias de Oliveira EAD, Mello TRP, Alzate-Marin ALA-M (2015) Respostas 

das plantas ao incremento atmosférico de dióxido de carbono e da temperatura 

(Plants responses to increase in atmospheric carbon dioxide and temperature). 

Rev Bras Geogr Física 08:635–650. 

 

Miles JW (1983) Natural out-crossing in Stylosanthes capitata. In: Trop. Grasslands. 

https://scholar.google.com.br/scholar?hl=es&as_sdt=0%2C5&q=Miles%2C+J.W.



13 

 

+%281983%29.+Natural+outcrossing+in+Stylosanthes+capitata.+Tropical+Gras

slands+17%3A+114-117.&btnG=. Accessed 3 Jul 2019. 

 

O’Mara FP (2012) The role of grasslands in food security and climate change. Ann 

Bot 110:1263–70. doi: 10.1093/aob/mcs209. 

 

Olivera Viciedo D, Prado R, Martínez CA, et al (2019) Short-term warming and water 

stress affect Panicum maximum Jacq. stoichiometric homeostasis and biomass 

production. Sci Total Environ 681:267–274. doi: 

10.1016/J.SCITOTENV.2019.05.108. 

 

Orsini J (2007) O Quarto Relatório do IPCC (IPCC AR4) e projeções para mudança 

de clima para o Brasil e para a América do Sul. Rev Bras Meteorol 1:23–28. 

 

Peng H, Chen Y, Yan Z, Han W (2016) Stage-dependent stoichiometric homeostasis 

and responses of nutrient resorption in Amaranthus mangostanus to nitrogen and 

phosphorus addition. Sci Rep 6:37219. doi: 10.1038/srep37219. 

 

Prado R de M, Silva GP da (2017) Ecological Response to Global Change: Changes 

in C:N:P Stoichiometry in Environmental Adaptations of Plants. In: Plant Ecology 

- Traditional Approaches to Recent Trends. InTech, p 18. 

Prior S, Torbert H, Runion G, Rogers H, Ort D, Nelson R (2006) Free-air carbondioxide 

enrichment of soybean: Influence of crop variety on residuedecomposition. 

Journal of Environmental Quality 1470-1477. 

 

Roche JR, Turner LR, Lee JM, et al (2009) Weather, herbage quality and milk 

production in pastoral systems. 3. Inter-relationships and associations between 

weather variables and herbage growth rate, quality and mineral concentration. 

Anim Prod Sci 49:211. doi: 10.1071/EA07309. 

 

Rochefort L, Woodward FI (1992) Effects of Climate Change and a Doubling of CO 2 

on Vegetation Diversity. J Exp Bot 43:1169–1180. doi: 10.1093/jxb/43.8.1169. 



14 

 

 

Savidan Y (1981) Genetics and utilization of apomixis for the improvement of guinea 

grass. horizon.documentation.ird.fr 182–184. 

 

Scheirs J, Bruyn L De, Ecology RV-, 2001 U (2001) A test of the C3–C4 Hypothesis 

with two grass miners. Ecology 82:410-421. 

 

Sterner R, Elser J (2002) Ecological stoichiometry: the biology of elements from 

molecules to the biosphere. Princeton University Press. 

 

Tait A, Sturman J, Clark M (2012) An assessment of the accuracy of interpolated daily 

rainfall for New Zealand. J. Hydrol. (New Zealand) 51:25–44. 

 

Teeri JA, Stowe LG (1976) Climatic patterns and the distribution of C4 grasses in North 

America. Oecologia 23:1–12. doi: 10.1007/BF00351210. 

 

Toledo-Silva G, Cardoso-Silva CB, Jank L, Souza AP (2013) De Novo Transcriptome 

Assembly for the Tropical Grass Panicum maximum Jacq. PLoS One 8:e70781. 

doi: 10.1371/journal.pone.0070781. 

 

Ward JK, Tissue DT, Thomas RB, et al (1999) Comparative responses of model C3 

and C4 plants to drought in low and elevated CO2. Glob Chang Biol 5:857–867. 

doi: 10.1046/j.1365-2486.1999.00270.x. 

 

Williams RE, Allred BW, Denio RM, Paulsen HA (1968) Conservation, Development, 

and Use of the World’s Rangelands. J Range Manag 21:355. doi: 

10.2307/3896081. 

 

White F, Kimball B, Wall G, Ottman M (2012) Cardinal temperatures for wheatleaf 

appearance as assessed from varied sowing dates and infrared warming. Field 

Crops Research 137: 213-220. 



15 

 

CHAPTER 2- Short-term warming and water stress affect Panicum maximum 

Jacq. stoichiometric homeostasis and biomass production 

 

Abstract 

Climate changes affect the growth of forage species. However, information regarding 

the effects of global climate change on the stoichiometry of tropical pastures is lacking, 

especially under field conditions. Such information is crucial to understand how 

temperature conditions and water availability states are likely to affect the 

stoichiometric homeostasis and biomass production of Panicum maximum, an 

important C4 tropical forage species, under future climate change scenarios. We, thus, 

conducted a field experiment using a temperature free-air controlled enhancement 

system and evaluated the effects of two temperature conditions, ambient temperature 

and moderate warming (2°C above ambient canopy temperature), and two levels of 

water availability, irrigated and non-irrigated, on the stoichiometric patterns of C:N:P 

and leaf biomass production. The experiment was conducted using a randomized 

complete block design in a factorial arrangement with four replications over 3 weeks. 

Our findings revealed that the N and P leaf concentration greatly decreased in water-

stressed plants, which increased the C:N and C:P ratios, while warming increased the 

N:P ratio. Leaf biomass production was impaired by up to 16% under water stress and 

ambient temperature conditions, but the biomass production was improved by 20% 

under warming and irrigated conditions. Our findings showed that homeostatic 

instability under rainfed conditions resulted in decreased leaf biomass production, and 

it was concluded that warming is only beneficial for plant growth (i.e., a high 

homeostatic capacity was maintained) under well-irrigated conditions. 

 

Key words: Ecological stoichiometry, temperature free-air controlled enhancement (T-

FACE), tropical grass, global climate change, drought. 

 

 

1 This chapter was published in Science of The Total Environment                                  

(2019) 681: 267-274 
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1. Introduction 

Ecosystems worldwide are experiencing stresses due to rapid anthropogenic 

climate change. Over the past few decades, anthropogenic activities have significantly 

altered the global climate pattern as a result of changes to the carbon cycle and 

increased emissions of greenhouse gases (IPCC 2018). These changes have led to 

an atmospheric carbon dioxide concentration [CO2] that is presently higher than it has 

been in the past 800,000 years (Lüthi et al. 2008) and an average global temperature 

increase of 0.85°C compared to pre-industrial values (IPCC 2018). 

Climate change is causing extreme weather events with predictions of increased 

frequency, intensity, and duration of heat waves, floods, and droughts (IPCC 2018). 

Therefore, it is crucial to understand the mechanisms involved in plant responses to 

climate change and the possible consequences for biodiversity and human and animal 

feeding. 

Plants use several different strategies to obtain nutrients from environmental 

sources to sustain metabolic and growth processes. Plants are able to adjust their 

nutrient demands to maintain internal nutrient homeostasis. Stoichiometric 

homeostasis is defined as the degree with which a living organism can maintain a 

constant ratio of elements in their tissues despite changes in the prevalence of these 

compounds in the environment (Yu et al. 2015). Ecological stoichiometric studies, 

therefore, aim to clarify the balance between C and other elements, such as N and P, 

and how these ratios are affected by environmental changes (Sterner and Elser 2002). 

In general, primary producers often show low stoichiometric homeostatic 

capacities, i.e., weak abilities to maintain a constant ratio of internal elements under 

external environmental changes, and therefore, the chemical compositions of plants 

are strongly influenced by the concentrations of those compounds in the environment. 

Organisms with high homeostatic capacities can maintain a relatively constant content 

of different elements and their ratios in changing environments (Sterner and Elser 

2002). However, it is widely known that primary producers exhibit a wide range of 

homeostatic capacities among species (Elser et al. 2000), each with their own 

stoichiometric ratio and survival strategy. 

N and P are often considered to be the most limiting elements for plant growth. 

Abiotic conditions such as water stress, temperature, and soil nutrient availability affect 
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growth rates and modify the internal C:N:P ratio. Plants with fast growth rates tend to 

have higher C:N ratios. N is present in RNA (in low concentrations), and its presence, 

thus, provides a reasonable indicator of the proteins that must be synthesized to 

maintain balanced growth (Niklas and Cobb 2005). However, rapid growth rates 

require an increased rate of photosynthesis and, thus, require a higher demand for N 

to produce more chlorophyll molecules (Felsemburgh et al. 2006). Thus, to maintain 

higher growth rates, it is important that the N leaf concentration and ratio of C:N do not 

change. Some environmental conditions may impair soil nutrient uptake and, thus, 

decrease the N and P content in plant tissues and increase the N:P ratio (Wang et al. 

2018). This ratio is often used as an indicator for the changes of nutrient availabilities 

and the adaptation of plant to habitats (Wright and Westoby 2003; Zhang et al. 2018). 

Ratios are especially important because the concentration of an element in plant 

tissues is affected by the biomass production. Therefore, sometimes a compound has 

a low concentration not because the plant is suffering from nutrient restrictions, but 

because of its higher biomass production. The use of elemental ratios neutralizes this 

biomass effect. 

Over the past few decades, plant growth and stoichiometric ratios of plant species 

in tropical regions have been changing in response to climate change, mainly owing to 

higher air temperatures, heat waves, and water stress conditions (Prado and Silva 

2017). However, only limited information is available on how plant stoichiometry is 

affected by the combination of warming and reduced soil water availability. In tropical 

and subtropical climate zones, Panicum maximum Jacq. (a C4 plant) is an important 

grass forage species that is widely used in cattle production. This species is adapted 

to tropical regions with an optimum growth temperature range of 30–40°C (Yamori et 

al. 2014). A moderate warming of 2°C was shown to increase the aboveground 

biomass production of P. maximum by 22% under adequate conditions of soil moisture 

and nutrient availability (Prado et al. 2016), which was a result of the regulation of 

starch remobilization in the source–sink relationship (Habermann et al. 2019a). 

However, under rainfed conditions, this warming only improved leaf biomass 

production under a CO2-enriched atmosphere (Habermann et al. 2019b). Water stress 

conditions have been shown to decrease biomass production in P. maximum by up to 
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44% (Bade et al. 1985), mainly owing to the stomatal and metabolic limitations of 

photosynthesis (Habermann et al. 2019a). 

Water stress often decreases soil nutrient uptake by roots in forage species (Dias 

Filho et al. 1992). This reduces the N and P content in plant tissues, which results in 

an increase in the C:N and C:P ratios and a decrease in biomass production. However, 

to our knowledge, the stoichiometric response of P. maximum to the combination of 

water stress and warming has not been investigated. Therefore, it is uncertain how 

climate change variables may potentially modify the biomass production and 

stoichiometry of P. maximum. It is critically important to clarify this response, because 

although this species is commercially developed to obtain higher productivity in 

pastures, the improvements made are dependent on high soil nutrient content. 

In the present study, we tested two main hypotheses: i) warming under adequate 

conditions of soil moisture will increase biomass production and maintain a stable 

stoichiometric homeostasis, and ii) non-irrigated plants will exhibit reduced 

homeostatic capacities, higher C:P and C:N ratios, and consequently reduced biomass 

production. Therefore, the objective of this study was to evaluate the combined and 

isolated effects of short-term warming (2°C above ambient temperature) and soil water 

availability on the stoichiometry (C:N:P ratios) and leaf biomass production of P. 

maximum under field conditions.  

2. Material and methods 

2.1. Study site and climate conditions 

The experiment was conducted at the Temperature Free-Air Controlled 

Enhancement (T-FACE) facility at the University of São Paulo, Ribeirao Preto, Brazil 

(21°10′8″S, 47°51′48″W). According to the classification of Köppen-Geiger, the climate 

of the experimental area is tropical with dry winters and rainy summers (Alvares et al. 

2013). The experimental area is characterized by an annual average temperature of 

22°C, an average yearly precipitation of 1508 mm (Climate-Data 2016), and Rhodic 

Ferralsol soil (IUSS - WRB 2014). 
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2.2. Experimental design 

The experiment was conducted using four randomized blocks in a factorial 

arrangement (2 × 2), with two factors, soil water availability (W) and canopy 

temperature (T). Experiments were each replicated four times, i.e., n = 16 experimental 

plots.  The experiment involved two levels of canopy temperature, ambient 

temperature (aT) and elevated temperature (eT, 2°C above ambient canopy 

temperature), and two conditions of soil water availability, irrigated (sW) and non-

irrigated (wS). 

2.3. Canopy warming 

The plant canopies of the plots sWeT and wSeT were warmed under field 

conditions using the T-FACE system (Kimball et al. 2008; Martinez et al. 2014; 

Habermann et al. 2019a). Six infrared (IR|) heaters (Salamander TFE 750-240), 

mounted on Salamander ALEX-F (Mor Electric Heating, MI, USA) reflectors, were 

arranged in a hexagonal pattern 0.8 m above the plant canopy. The angle and height 

of the heaters were adjusted according to plant growth to maintain the 2C set point of 

elevated temperature. Canopy temperature in each plot was monitored throughout the 

entire experiment (Fig. 1) using IR radiometers (SI-1H1-L20, Apogee Instruments, UT, 

USA). The temperature of each heater was controlled using a proportional-integrative-

derivative control system installed in a datalogger (CR1000) with multiplexors AM25T 

(Kimball et al. 2008). Dummy reflectors were mounted in the non-warmed plots (sWaT 

and wSaT) to produce the same shade in all plots. Canopy temperature was monitored 

every 15 min, and the data were stored using Logger net software (Campbell Scientific, 

USA).  

Despite the experimental set-point being 2°C above the ambient canopy 

temperature, there was variation in the actual warming during the diurnal period due 

to wind and plant transpiration, which resulted in an average warming of 1.60 ± 0.30°C 

(Fig. 1). The average night-time warming was 1.95 ± 0.20°C. In addition, soil water 

content influenced leaf temperatures during the diurnal period because stomatal 

closure was induced by drought, especially during the hottest hours of the day 

(Habermann et al. 2019a). In the wSaT treatment, the average canopy temperature 

was observed to be 0.18°C warmer than that in the sWaT treatment. 
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Fig. 1. Difference (Δ) in the canopy temperatures among treatments and ambient 

conditions. The T-FACE set-point was 2°C above ambient canopy temperature. 

Treatments: irrigation and ambient canopy temperature (sWaT), irrigation and elevated 

canopy temperature (sWeT), non-irrigation and ambient canopy temperature (wSaT), 

and non-irrigation and elevated canopy temperature (wSeT). 

2.4. Climatic parameters 

Throughout the entire growing season, air temperature and relative air humidity 

were measured each hour by using an automatic microclimate station WS-PH1 

connected to a DL2e datalogger (Delta-T Devices Ltd., Cambridge, UK) located in the 

center of the T-FACE facility. Precipitation data were obtained from a weather station 

located near the experimental area. The average air temperature during the 

experimental period was 23.5°C, with a maximum and minimum of 33.8°C and 12.7°C, 

respectively (Fig. 2A). The average relative air humidity was 81% with a minimum value 

of 28% during the diurnal period (Fig. 2A). Throughout the experimental period, the 

total accumulated rainfall was 197 mm, with the most intense precipitation occurring 

between 7 and 8 days after the start of the experiment. 
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2.5. Irrigation management 

During the experimental period, the sW plots were irrigated with reference to the 

soil moisture registered by the sensors to maintain the soil moisture at 80% of soil field 

capacity, i.e., 0.45 m³ m–3 of volumetric soil water content (SWC). Irrigation was 

performed using sprinklers installed 0.8 m above the plant canopy. Irrigation was 

suspended in the wS plot until the end of the experiment. 

The SWC and soil temperature (Fig. 2B, C) were monitored hourly in the center 

of each plot at a depth of 10 cm by using a Theta Probe ML2xe and ST2 sensors, 

respectively. Data were stored in a datalogger (DL2e, Delta –T Devices, UK). 

 

The average SWCs of the sWaT and sWeT plots were ~0.50 m³ m–3 and 0.47 m³ 

m–3, respectively (Fig. 2B). This slight decrease in SWC in the sWeT treatment, 

presumably associated with an increased vapor pressure deficit (VPD) as a result of 

the IR warming (Habermann et al. 2019a), indicated that experimental warming had 

almost no effect on the leaf gas exchange and did not alter the photosynthetic 

performance of P. maximum in the irrigated plots. In addition, the SWC of non-irrigated 

plots (wSaT and wSeT treatments) were not affected by the warming level, and both 

treatments showed average SWCs of 0.38 m³ m–3, with minimum SWC values of 0.25 

m3 m–3 (Fig. 2B). Soil temperature remained 0.7°C higher in warmed plots compared 

to non-warmed plots (Fig. 2C). 
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Fig. 2. Meteorological conditions measured throughout the experimental period at the 

T-FACE facility. (A) Daily average relative humidity and air temperature and total daily 

precipitation. (B) Daily average volumetric soil water content (SWC). (C) Daily average 

soil temperature. Treatments: irrigation and ambient canopy temperature (sWaT), 

irrigation and elevated canopy temperature (sWeT), non-irrigation and ambient canopy 

temperature (wSaT), and non-irrigation and elevated canopy temperature (wSeT). 
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2.6. Soil chemical analysis and pasture management 

The soil chemical analysis before sowing is presented in Table 1. Soil samples 

were collected from depths of 0–20 cm and 20–40 cm at three randomly selected 

locations in each experimental plot. The soil samples were combined and air dried to 

create a composite soil sample for each plot. Soil liming was performed to adjust the 

pH to 5.5. We determined the following from the soil samples: pH in CaCl2 (0.01 mol 

L−1); organic matter (OM) content by using the Walkley–Black method; available P 

content by using spectrophotometry after anion exchange resin extraction; extracted 

potassium (K+), calcium (Ca2+), and magnesium (Mg2+) content by using ion exchange 

resin; extracted sulfur (S-SO4
2-) content by using tricalcium phosphate (Ca3(PO4)2; and 

other available micronutrients. Soil chemical analyses were performed according to 

the methods described by (Raij et al. 2001). To maintain homogenous soil mineral 

composition throughout the experimental area. Doses of N, P2O5, K2O and Zn were 

40, 100, 60 and 3 kg ha−1, respectively. Each plot was differentially fertilized according 

to the recommendations by (Raij et al. 1997). These data were used to differentially 

fertilize each plot to maintain a homogeneous soil mineral composition throughout the 

experimental area. 

Table 1. Soil chemical analysis of samples from two soil depths (0–20 cm and 20–40 

cm) before seeding.  

 

Seeds of P. maximum Jacq. ‘Mombaça’ were sowed in each of the 16 plots (4 × 

4 m). Supplemental irrigation was provided during seedling growth. After seeding and 

pasture establishment (~3 months), plants were trimmed to 30 cm above the ground 

to simulate grazing, as per the recommendations of Embrapa (the Brazilian Agricultural 

Research Corporation) (Santos and Corrêa 2009). After trimming, the treatments were 

initiated and maintained for 21 days. During this experimental period, we performed 

three evaluations (once per week) for each analyzed parameter. Plants were trimmed 

each week to simulate continued cattle grazing.  
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2.7. Biomass production 

Leaf biomass production was estimated per week using a quadrat of 0.04 m2 

(0.20 × 0.20 m) at 30 cm aboveground in three randomly selected locations in each 

plot. Three subsamples were collected per plot per week, and the average weekly 

estimates were compared. Clipping was performed in different areas every week and, 

therefore, the samples collected each time was one-week older than the previously 

collected sample. Leaves were oven-dried at 60 ± 5°C to a constant weight. Then, were 

weighted to quantify in the representative area, and powdered using an electric mill 

(Willey type). 

2.8. Carbon, nitrogen, and phosphorus analysis 

Dried biomass was used to measure total C and N concentration by dry 

combustion (1000°C) using an elemental analyzer (LECO Truspec CHNS) calibrated 

with the pattern LECO 502-278 of wheat (C = 45.00% and N = 2.68%). Total P 

concentrations were measured using the molybdenum antimony colorimetric method 

and an ultraviolet spectrophotometer subsystem (model SP-1105) after digestion 

following the methods described by (Bataglia et al. 1983).  

2.9. Statistical analysis 

Data were subjected to a two-way analysis of variance (ANOVA) after checking 

for homogeneity of variances. The Shapiro-Wilks W-test was used to test the normality 

of the data. We used a factorial analysis to test the main effects of the two levels of soil 

water availability (W) and two canopy temperatures (T) and their interactions (T × W). 

The mean values were compared using the least significant difference (LSD) Fisher 

test with a significance level of p < 0.05. All statistical analyses were conducted using 

the SAS program, version 8.02 (SAS, System 1999).  
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3. Results 

3.1. Effects of temperature and soil water availability on the concentration of N, 
P and C in leaves 

The ANOVA revealed a significant interaction (p ≤ 0.01) between W and T during 

the first week of the experimental period. Elevated temperatures were, therefore, 

shown to exacerbate the decrease in leaf N concentration ([N]) promoted by drought 

under the wSeT treatment (Fig. 3A). In the second week, both the drought and warming 

conditions decreased leaf [N] (with a significant interaction), which also indicated an 

exacerbating effect (Fig. 3B). However, in the final week of the experimental period, 

the leaf [N] decreased by ~16% in the non-irrigated plots compared to the irrigated 

plots (Fig. 3C). 

 

Similarly, leaf P concentration ([P]) decreased in wS plots during the first and 

second weeks and showed a significant difference (p ≤ 0.01) compared to that in sW 

plots, regardless of the temperature effect, which also aggravated the effect of drought 

(Fig. 3D, 3E). During the final week of the experiment, [P] decreased in the wS plots 

regardless of the temperature treatment (Fig. 3F). Meanwhile leaf C concentration ([C]) 

remained stable during the first week, without significant changes in response to the 

different treatments (Fig. 3G). However, in the second and third weeks, the [C] 

increased in the wS plots independent of the temperature treatments (Fig. 3H, 3I), for 

none evaluations interactions between the factors were observed (W × T). 
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Fig. 3. Changes in elemental concentrations in the leaves of Panicum maximum grown 

under different canopy temperature and soil water availability treatments: irrigation and 

ambient canopy temperature (sWaT), irrigation and elevated canopy temperature 

(sWeT), non-irrigation and ambient canopy temperature (wSaT), and non-irrigation and 

elevated canopy temperature (wSeT). Nitrogen concentration during the first (A), 

second (B), and third (C) weeks of the experiment. Phosphorus concentration during 

the first (D), second (E), and third (F) weeks. Carbon concentration during the first (G), 

second (H), and third (I) weeks. Different uppercase letters indicate significant 

differences between the same soil water availabilities at the different temperatures, 

and lowercase letters indicate significant differences between different soil water 

availabilities at the same temperature, according to the F test. *p ≤ 0.05; ** p ≤ 0.01; 

ns, not significant; W × T, water–temperature interaction; LSD, least significant 

difference. Stack bars show the standard error based on the average of four replicates. 
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3.2. Stoichiometric ratios of C:N, C:P, and N:P 

 The C:N ratio during the first week in the wSeT treatment, increased by ~19% 

compared to the sWeT plots (p ≤ 0.01), with warming exacerbating the C:N ratio 

increase that is promoted by drought (Fig. 4A). However, in the last two weeks, the wS 

treatment increased the C:N ratio by ~20%, regardless of the temperature level (p ≤ 

0.01) (Fig. 4B, 4C). During the first week, the C:P ratio increased (p ≤ 0.05) as a result 

of the wS and eT treatments, with no interaction. However, in the combined wSeT 

treatment, the C:P ratio was higher than that observed in response to the isolated 

effects (Fig. 4D). However, in the final two weeks of the experiment, the C:P ratio only 

increased in non-irrigation plots, regardless of the temperature level (Fig. 4E, 4F). No 

effects of the interactions were found in any of the evaluations. 

 

 Meanwhile, the N:P ratio increase in the first week as a result of irrigation and 

the elevated canopy temperature (sWeT), compared to wSeT and sWaT, showed a 

significant W × T interaction (p ≤ 0.01) (Fig. 4G). In the second week, no significant 

differences were observed between any factors (Fig. 4H). In the final week, a drought 

effect (independent of temperature level) was observed (Fig. 4I). 

 

 



28 

 

 

Fig. 4. Changes in elemental ratios in the leaves of Panicum maximum grown under 

different canopy temperature and soil water availability treatments: irrigation and 

ambient canopy temperature (sWaT), irrigation and elevated canopy temperature 

(sWeT), non-irrigation and ambient canopy temperature (wSaT), and non-irrigation and 

elevated canopy temperature (wSeT). Plant C:N ratios during the first (A), second (B), 

and third (C) weeks of the experiment. Plant C:P ratios during the first (D), second (E), 

and third (F) weeks. Plant N:P ratios during the first (G), second (H), and third (I) weeks. 

Different uppercase letters indicate significant differences between the same soil water 

availabilities at the different temperatures, and lowercase letters indicate significant 

differences between different soil water availabilities at the same temperature, 

according to the F test. *p ≤ 0.05; ** p ≤ 0.01; ns, not significant; W × T, water–

temperature interaction; LSD, least significant difference. Stack bars show the 

standard error based on the average of four replicates. 

 

Leaf biomass production decreased by 10%, 12%, and 16% in the first, second, 

and third weeks, respectively (Fig. 5A, 5B, 5C) in the wSaT treatment compared to the 

sWaT treatment. However, under the wSeT treatment, warming partially or fully offset 

the drought effect, especially when soil water availability was highly limited (Fig. 2B), 

as was also observed in the final week (Fig. 5C). In the final week, our results indicated 

that there was a significant interaction (p ≤ 0.05) between the different soil water 

availabilities and canopy temperatures (W × T). Our findings highlighted the positive 
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effect of elevated canopy temperatures (sWeT) in each week, which had a positive 

effect on the forage production and, thus, contributed to a higher yield, while drought 

had a negative effect in all weeks. When combined, warming partially mitigated the 

drought effect in two of three regrowth cycles, but in the final week, warming fully 

mitigated the wS effect, which increased dry mass. Therefore, only in the final week of 

the experiment did we observe increases of ~20%, 16%, and 33% in the sWeT 

treatment in relation to the sWaT, wSeT, and wSaT treatments, respectively (Fig. 5C). 

 

Fig. 5. Leaf dry matter of Panicum maximum under different canopy temperature and 

soil water availability treatments: irrigation and ambient canopy temperature (sWaT), 

irrigation and elevated canopy temperature (sWeT), non-irrigation and ambient canopy 

temperature (wSaT), and non-irrigation and elevated canopy temperature (wSeT). Leaf 

dry matter during the first (A), second (B), and third (C) weeks of the experiment. 

Different uppercase letters indicate significant differences between the same soil water 

availabilities at the different temperatures, and lowercase letters indicate significant 

differences between different soil water availabilities at the same temperature, 

according to the F test. *p ≤ 0.05; ** p ≤ 0.01; ns, not significant; W × T, water–

temperature interaction; LSD, least significant difference. Stack bars show the 

standard error based on the average of four replicates. 
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4. Discussion 

Climatic changes can cause considerable losses in plant yield as a result of 

drought conditions associated with increases in temperature (Wiebe et al. 2015; IPCC 

2018). Recent studies have indicated that the behaviors and vulnerability of plants to 

different isolated stresses are different from those in response to a combination of the 

stresses (Zhou et al. 2017; Borjas-Ventura et al. 2019). This presupposes that the 

behavior of plants in adverse situations is dependent (at least in part) on their 

adaptation and tolerance to isolated or combined stress conditions. However, 

evaluations of these additive effects are rare; therefore, it is important that multifactorial 

experiments are designed when evaluating plant responses to climate change 

variables 

 

In addition, many studies aiming to evaluate the effect of abiotic factors on plant 

stoichiometry have been conducted in controlled environments, such as open top 

chambers, pots, greenhouses, or growth chambers. However, these artificial 

conditions may exacerbate plant responses to climate change variables. Therefore, 

plant responses may not reflect the same magnitude or acclimation mechanisms that 

would be present in the natural environment. To our knowledge, the present study is 

the first to provide experimental evidence of P. maximum stoichiometry in a field-grown 

pasture. The observed set of characteristics will enable more precise predictions of the 

responses of this important crop species through climate and productivity models and 

will assist decision-making in future pasture management. 

 

In the present field study, soil water stress was observed to affect the N and P 

leaf concentration in P. maximum (Fig. 3A-3C). To our knowledge only one previous 

study has shown a decrease in the N and P concentrations in P. maximum plants; 

however, the study was conducted using pot experiments (Dias Filho et al. 1992). One 

possible explanation for the reported findings is that soil water deficit decreases the 

absorption of N and P because of the reduced contact between the roots and soil 

(Barber 1995; Hu et al. 2007; Rouphael et al. 2012) and the reduced water potential at 

the root surface (Kano-Nakata et al. 2011). The reduced availability of these nutrients 

in the soil could resulted in an adjustment in the demand for nutrients by the plants 
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(Chapin 1980; Lee 1982). Often, plant N and P concentrations influence each other 

during the growing season, especially in the leaf tissue (Kang et al. 2011; Yuan and 

Chen 2012; Wang et al. 2018). This N and P coupling behavior is particularly important 

in the regulation of nutrient limitation, as well as in the nutrient acquisition strategies of 

plants in changing environments (Sterner and Elser 2002; Niklas and Cobb 2005; 

Wang et al. 2018). 

 

We also observed a significant increase in the concentrations of N and P in the 

leaves of P. maximum in response to elevated canopy temperature and irrigation 

(sWeT). This behavior indicates that this C4 forage species is correlated with and 

responds very well to elevated temperature, but without water and nutrient limitations, 

which is corroborated by a higher biomass production during the three evaluations (Fig. 

5A-C), Such findings have also been demonstrated in other recent studies (Prado et 

al. 2016; Habermann et al. 2019a). Therefore, while warming increased foliar N and P 

concentration, drought increased foliar C concentrations (Fig. 3A-3I). An enhanced 

growth of this species under the warmer and well-watered condition is consistent with 

the findings of (Prado et al., 2016) and were coupled with increased leaf N and P 

concentration. Increased [N] is often related to a higher rate of photosynthesis owing 

to the Rubisco enzyme content (Suzuki et al. 2010). However, studies have not shown 

evidence of a positive effect of warming on the photosynthesis of P. maximum, 

including a 3°C heating under ambient temperature and 700 ppm of atmospheric [CO2] 

(Faria et al. 2018) and 2°C heating under ambient temperature (Habermann et al. 

2019a, b) and 600 ppm of atmospheric [CO2] (Habermann et al. 2019b), whereas the 

capacity to resist drought is related to high amounts of structural compounds rich in C 

(Sardans et al. 2006). 

 

In contrast, under the combined stresses of warming and drought, leaf N and P 

concentrations were reduced throughout most of the experimental period, which 

resulted in alterations in the stoichiometry and, thus, impaired plant growth (Fig. 5A-

5C). This result is consistent with that of a previous study on Leymus chinensis (Trin.) 

Tzvel. plants, in which the combination of warming and water stress caused more 

significant reductions in leaf nutrient concentrations than that by the factors 
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independently (Xu and Zhou 2006). Furthermore, these authors suggested that high 

temperature, combined with severe soil drought, can weaken the N pool and transfer 

function, as well as osmotic adjustment and reduce the accumulation of free amino 

acids. According to Ghannoum et al. (2000), under most field and controlled 

environment conditions (e.g., high midday radiation and high temperatures), C4 plants 

may experience substantial evaporative demands that lead to the development of 

transient shoot water stress with adverse effects on leaf growth. 

 

Warming can increase, decrease, or have no effect on the C:N ratios of plants 

depending on the type of plant and the climate (Sardans et al. 2012). Our results 

showed that warming and drought increased the C:N and C:P ratios of P. maximum in 

a tropical ecosystem, probably because of decreased leaf N and P concentration 

(Reich and Oleksyn 2004; Wang et al. 2019) or increased plant resistance under the 

combined effects of warming and drought (Luo et al. 2009). In another study of the 

leaves of Mediterranean shrubs and trees, drought increased the C:N and C:P ratios 

as a result of protection mechanisms (Sardans et al. 2008a; Matías et al. 2011). Thus, 

evidence suggests that drought (i.e., soil water restriction) tends to increase C:N and 

C:P ratios. In the present study, a similar effect was observed with the N:P ratio; 

however, elevated temperature had no direct effect among the different soil water 

levels, except in the first week of the experimental period. This result suggests that an 

offset effect exists between warming and drought. 

 

In contrast, under the sWeT treatment, P. maximum plants showed a higher 

degree of stoichiometric homeostasis. This response is often found in species with fast 

growth rates, which is consistent with our results and previous findings (Elser et al. 

2000), wherein low C:N:P ratios were observed. The higher degree of stoichiometric 

homeostasis under the sWeT treatment may help to explain the enhanced biomass 

production (Fig. 5A-5C). A similar response has already been reported for another 

closely related species, Panicum coloratum (Poaceae) under a daytime temperature 

of 35°C and a nighttime temperature of 30°C (Dwyer et al. 2007). Another two studies 

using similar experimental conditions showed that P. maximum biomass production 

increased by 22%–25% when exposed to a moderate warming of 2°C with adequate 
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soil moisture conditions and nutrient availability than that under ambient temperature 

conditions (Prado et al., 2016; Habermann et al., 2019a). 

 

There is some evidence that this increased growth under warming and well-

watered conditions is related to a different pattern of sugar allocation between organs 

(Faria et al. 2018; Habermann et al. 2019 a, b), enhanced antioxidant defenses 

(Borjas-Ventura et al. 2019), and leaf anatomical acclimation mechanisms 

(Habermann et al. 2019b). Recently, Wedow et al. (2019) reported increased amino 

acids derived from oxaloacetate and pyruvate (many of which are related to stress 

defenses) under eT conditions. Therefore, our study further contributes to the 

understanding of the improved P. maximum growth under eT, which suggests that a 

higher homeostatic capacity plays an important role in plant acclimation to future 

climate conditions. However, this response was shown not to persist under warmer 

and rainfed conditions (Habermann et al. 2019a) and may occur only under the 

combined conditions of warming and elevated [CO2] (Habermann et al. 2019b). 

5. Conclusions 

A higher degree of stoichiometric homeostasis was observed in the sWeT plots 

and was associated with higher biomass production. The non-irrigated plots showed a 

lower degree of biomass production, and this reduction can be exacerbated under the 

combined conditions of warming and drought. Our study contributes to the current 

understanding of acclimation mechanisms of tropical grasses to climate change 

variables. The results of this study suggest that short-term warming and drought, both 

as isolated or combined factors, can increase the C:N and C:P ratios in P. maximum 

Jacq. in tropical ecosystems. 
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CHAPTER 3- Changes in C:N:P ratios impact biomass production in 

Stylosanthes capitata Vogel under drought and high 

temperatures  

 

Abstract 

 Global warming is predicted to increase the intensity and duration of extreme 

weather events, such as droughts, heat waves, and floods, especially in tropical 

regions. Therefore, global climate change can negatively affect the productivity of 

crops and livestock feed due to changes in the composition of forage species. Although 

pastures cover extensive areas of tropical and subtropical countries, little is known 

regarding the effects of climate change variables on the stoichiometric homeostasis 

and biomass production of tropical forage species. In this study, we investigated the 

isolated and combined effects of two temperatures: ambient (aT) and elevated 

temperature (eT, 2 °C above ambient temperature), as well as two levels of soil water 

availability: irrigated plants (sW) and non-irrigated plants (wS). Our results showed that 

drought conditions decreased phosphorous (P) concentrations and increased N:P ratio 

in different plant organs. We found that aboveground biomass production declined 

significantly under drought and high temperature conditions (wSaT and wSeT); we 

observed a decrease in nitrogen (N) content, a decrease in leaf/inflorescence and 

leaf/stem ratios, and an increase in C:N ratio in vegetative organs. However, under 

warm and well-irrigated conditions, the leaf biomass increased approximately 33%. We 

have concluded that warm and well-watered conditions without restrictions in soil 

nutrient availability can enhance plant production, presumably due to a higher level of 

stoichiometric homeostasis. 

 

Keywords: Tropical pasture; Leaves; Inflorescence; Stem; Stoichiometric 

homeostasis; Drought. 

 

1 This chapter corresponds to the scientific article submitted to the journal Scientific 

Reports and is being evaluated for publication 
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1. Introduction 

Global warming is occurring owing to the increased emissions of greenhouse gases, 

such as carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4). Because of 

these compounds, a part of the infrared radiation stays in the atmosphere, heating the 

Earth’s surface and increasing atmospheric temperature. Recent models have 

predicted an expected rise of 1.1 °C to 6.4 °C in average air temperature during this 

century, compared to pre-industrial average temperature (IPCC 2007). As a 

consequence, climate patterns around the world are changing; it has been predicted 

that in the following decades, the intensity and duration of extreme weather events, 

such heat waves, floods, and droughts spells will increase (Schimel et al. 2001; Dukes 

et al. 2005; IPCC 2018).Therefore, the impact of human-induced climate change may 

have considerable negative effects on natural and managed ecosystems, such as 

tropical pastures. Multiple lines of evidence indicate that the temperature and the level 

of drought are the main abiotic factors controlling the CO2 flux in an ecosystem, with 

several studies evaluating the impact of climate change factors on plants and pastures 

of temperate regions (Davidson and Janssens 2006; Hopkins et al. 2013; Gonzalez-

Meler et al. 2017). However, only a few studies conducted in open field conditions and 

on tropical plants can be found in literature, and vulnerabilities of tropical species are 

still poorly understood (Gonzalez-Meler et al. 2017)  

In a terrestrial ecosystem, nitrogen (N) and phosphorous (P) are the most 

important elements that influence the metabolism and growth of plants (Marschner 

2011). However, effect of global warming on carbon (C) accumulation is still debatable 

(Cao and Woodward 1998; Davidson and Janssens 2006). Some predictions indicate 

that changes in worldwide C, N and P biogeochemical cycles are to be expected as a 

result of climate change (Yuan and Chen 2015). While some evidence suggests that 

elevated temperature can increase soil microbial activity, it may also induce droughts, 

which can have a negative effect on photosynthesis and plant stoichiometry (Huang et 

al. 2018).  

The concept of stoichiometric homeostasis describes the degree to which a living 

organism can maintain stable stoichiometric ratios regardless of the changes in 

nutrient availability by using a wide range of biochemical, anatomical, and physiological 
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mechanisms (Peng et al. 2016). States of low stoichiometric homeostasis may 

negatively impact survival, nutrition, growth and production of plants (Peng et al. 2016; 

Olivera Viciedo et al. 2019). Several studies have predicted that climate change will 

disrupt the stoichiometric ratios in soils and plants (Huang et al. 2018). Disruption of 

the biogeochemical cycles may decrease plant nutrient content and growth rate 

(Olivera Viciedo et al. 2019), consequently influencing all trophic levels (Peñuelas et 

al. 2012, 2013). In addition, climate change can impact different plant tissues in 

different ways and alter growth rate and biomass allocation between organs (Basu et 

al. 2016; Yang et al. 2018). 

Although tropical regions play an important role in global C budget (Raich et al. 

2006), there is little knowledge about the effects of global warming on tropical 

ecosystems (Schimel et al. 2001; Wood et al. 2012; Gonzalez-Meler et al. 2017). 

Tropical pastures cover large areas in many tropical countries, but only a few studies 

have attempted to assess the vulnerabilities of tropical grasslands to the impacts of 

climate change, the most prominent being higher temperatures (Webb et al. 2012) and 

higher levels of water stress (Habermann et al. 2019b). Some analyses have indicated 

that global warming is responsible for changes in forage production of many 

ecosystems (Dukes et al. 2005), and that higher temperatures combined with well-

watered conditions can improve aboveground biomass production (Habermann et al. 

2019b). 

Stylosanthes capitata Vogel (Fabaceae; C3 plant) is a tropical forage legume 

widely used in tropical and subtropical regions (Quecini et al. 2002; Martinez et al. 

2014), with a wide distribution in Brazil (da Silva Chaves et al. 2016). This species 

grows in rainfed conditions on pastures along with different C4 tropical grasses. S. 

capitata has high leaf protein content and is very resistant to drought. This species has 

the potential to fix nitrogen, improving the amount of this element in the soil. This is 

especially important because soil nitrogen content is the most important limiting factor 

for pasture production in the tropics (Prado 2008). Recent studies have indicated that 

a moderate increase of 2 °C under well-watered or rainfed conditions can improve the 

electron transport rate and photochemistry and reduce heat and fluorescence 

dissipation of plants, enhancing the photosynthetic performance under the conditions 

of presumed future atmospheric temperatures (Martinez et al. 2014; Habermann et al. 
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2019a). Under rainfed conditions, stomatal conductance and xylem water potential of 

S. capitata were not affected by a 2 °C temperature raise at anthesis stage 

(Habermann et al. 2019a). In addition, elevated CO2 levels greatly improved water use 

efficiency, even under the conditions of low soil water content and lower temperatures, 

indicating that this species may be a suitable  crop in presumed future climate 

conditions (Habermann et al. 2019a). There is also some evidence that well-irrigated  

S. capitata plants in high temperature conditions show an the increase in leaf N 

content, mainly due to the improved N-fixation process, resulting in enhanced 

aboveground biomass production and larger leaf area (Gonzalez-Meler et al. 2017). 

However, the nature of the interaction between high temperatures and drought is still 

unknown, and acquiring this information could have a big impact and improve our 

knowledge of biomass production and survival of S. capitata. 

In this study, we tested three main hypotheses: i) higher temperatures combined 

with well-watered soil conditions will increase biomass production as well as the 

leaf/stem ratio, and promote a high level of stoichiometric homeostasis; ii) in water-

stressed plants, the level of stoichiometric homeostasis will decrease with higher C:P 

and N:P values, resulting in reduced biomass production, and iii) higher temperatures 

will exacerbate the negative effects of drought. Therefore, we aim to evaluate the 

isolated and combined effects of high temperatures and drought on leaf, stem, and 

inflorescence C, N, and P concentrations, C:N:P stoichiometric ratios, and the 

aboveground biomass production of S. capitata under field conditions. 

2. Materials and methods 

The experiment was conducted at the T-FACE facility located in the University of 

São Paulo, city of Ribeirão Preto, Brazil (21°10′8″S, 47°51′48″W), using Stylosanthes 

capitata plants planted in Rhodic Ferralsol with clay texture according to IUSS - WRB 

(2014). The climate in the facility area is tropical with dry winters and rainy summers 

(Alvares et al. 2013). The average annual temperature is 22 °C, with average annual 

precipitation of 1508 mm (Climate-Data 2016). 

 

 



44 

 

2.1. Soil chemical analysis and pasture management 

Before seeding, we collected soil samples from two depths, 0–20 cm and 20–

40 cm, on three randomly selected locations in each plot. We performed soil liming to 

increase the pH from 4.0 to 5.5. Considering the results of soil chemical analysis (Table 

1), we applied N, P2O5, K2O, and Zn in doses of 40, 100, 60, and 3 kg ha-1, respectively, 

to maintain homogenous soil mineral composition throughout the experiment (Raij et 

al. 1997). 

Table 1. The results of soil chemical analysis of samples from two depths (0–20 cm 

and 20–40 cm) before seeding.  

 

After soil homogenization and pH correction, the seeds of S. capitata were sowed 

in lines 30 cm apart in 12 plots of 16 m². Higher temperature treatment was applied 

from the beginning of the germination process until the end of the experiment. 

Supplementary irrigation was performed during the seedling growth and was continued 

until pasture establishment, which occurred approximately four months after sowing. 

Afterwards, the plants were submitted to a water stress cycle for 30 days.  

2.2. Experimental design 

We used three randomized block designs in a factorial arrangement (2×2), with 

two changing factors, canopy temperature (T) and soil water availability (W). The 

experiment was conducted in triplicate (n = 12) in the experimental plots. We tested 

two levels of canopy temperature (ambient temperature, aT, and elevated temperature, 

eT, 2 °C above ambient temperature), and two conditions of soil water availability 

(irrigated, sW, and non-irrigated, wS). 

The temperature was warmed 2 °C above ambient temperature using the T-

FACE system (Kimball et al. 2008; Martinez et al. 2014; Habermann et al. 2019a; 

Olivera Viciedo et al. 2019). In each warmed plot, six infrared (IR) heaters (Salamander 

TFE 750-240), mounted on Salamander ALEX-F reflectors (Mor Electric Heating, MI, 

USA), arranged in a hexagonal pattern 0.8 m above the plant canopy, warmed the air 
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around the plant canopy. We adjusted the height and angle of the heaters during each 

phase of plant growth. We monitored canopy temperature in each plot using IR 

radiometers (SI-1H1-L20, Apogee Instruments, UT, USA). IR heaters were controlled 

using a proportional-integrative-derivative control system installed in a datalogger 

(CR1000) with multiplexors AM25T (Kimball et al. 2008). We used dummy reflectors 

in non-warmed plots (sWaT and wSaT) to have the same amount of shade between 

plots. Canopy temperature was recorded every 15 min, and the T-FACE system 

worked 24 hours a day. Besides being influenced by the level of plant transpiration 

during the hottest hours, canopy temperature during daytime was influenced by soil 

water content (SWC) and wind, despite the experimental set-point temperature value 

being 2 °C above the ambient temperature. In addition, we observed an increase in 

plant canopy temperature in the plots subjected to water stress and temperature of 

0.54 °C above that of the irrigated plots (sWaT). Soil water content influenced leaf 

temperatures in this C3 legume, probably as a result of stomatal closure due to 

drought, especially during the hottest hours where the temperature reached the highest 

level (Habermann et al. 2019b). There was variation in the actual warming level during 

the diurnal period, which resulted in an average warming temperature of 

1.23 ± 0.72 °C. Meanwhile, the average night-time warming temperature was 

1.94 ± 0.18 °C (Fig. 1C). 

We monitored soil water content (SWC) and soil temperature (Fig. 1A, 1B) hourly 

during the entire experiment using Theta Probe ML2xe and ST2 sensors, respectively. 

The sensors were located in the center of each plot at a depth of 0-10 cm. SWC and 

soil temperature data were stored in a datalogger (DL2e, Delta –T Devices, UK). Soil 

temperature remained 0.32 °C higher in the non-irrigated plots (wSaT) compared to 

the irrigated plots (sWaT), while in the warmed plots (sWeT and wSeT), the soil 

temperature was 1.78 °C and 2.27 °C higher compared to the irrigated plots (sWaT), 

respectively (Fig. 1B). At 0 days after the treatment has started (DATS), irrigation was 

suspended in wS plots, and SWC started to decrease gradually until the end of the 

experiment. The average SWC of the irrigated plots was 0.51 m3 m-3 under sWaT 

conditions, and 0.55 m3 m-3 under sWeT conditions, while in the non-irrigated plots, 

the average SWC was 0.38 m3 m-3 under wSaT conditions and 0.40 m3 m-3 under 

wSeT conditions (Fig. 1B). 
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Fig. 1. Soil water content (A), soil temperature (B) and canopy temperature (C) among 

treatments and in ambient temperature conditions. Treatments are marked as follows: 

irrigation and ambient canopy temperature (sWaT), irrigation and elevated canopy 

temperature (sWeT), non-irrigation and ambient canopy temperature (wSaT), and non-

irrigation and elevated canopy temperature (wSeT). 
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2.3. Irrigation management 

During the experimental period, the sW plots were irrigated periodically to 

maintain soil moisture at 80% of soil field capacity. Irrigation was performed using drip 

irrigation system and was suspended in the wS plots until the end of the experiment, 

regardless of the temperature at 0 DATS. 

2.4. Biomass production and morphological composition 

 We estimated the production of leaves, inflorescences and stems 30 cm above 

ground using a quadrat of 0.04 m2 (0.2×0.2 m) in three randomly selected locations in 

each plot. We harvested all plant material inside of the quadrat and separated the 

leaves, inflorescences, and stems. All plant material was oven-dried at 60 °C until they 

reached constant weight. Each plant part was weighed to obtain the dry mass. We 

calculated the percentage of leaves, inflorescences, and stems, and estimated the 

leaf/inflorescence and leaf/stem ratios. Afterwards, all plant material was powdered 

using an electric mill (Willey type). 

2.5. Carbon, nitrogen, and phosphorus analysis 

Using the powdered plant material, we measured the total C and N concentration 

in different plant parts using the method of dry combustion (at 1000 °C) in an elemental 

analyzer (LECO Truspec CHNS) calibrated with the pattern LECO 502-278 of wheat 

(C=45.00% and N=2.68%). Meanwhile, the P concentration (of acid digests) was 

measured by spectrophotometer (model SP-1105) using the molybdenum antimony 

colorimetric method following the methods described by Bataglia et al. (1978). Using 

the C, N, and P concentrations in different plant organs, we calculated the C:P, C:N, 

and N:P ratios. 

2.6. Statistical analysis 

We used the two-way analysis of variance (ANOVA) model after checking for 

homogeneity of variances. Shapiro-Wilks W-test was used to test the normality of the 

data. In this study, we tested the main effects of two levels of soil water availability (W) 

and the effects of two canopy temperatures (T), as well as their interactions (T×W). 

We compared the average values using least significant difference (LSD) Fisher test 
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with a significance level of p<0.05. All statistical analyses were conducted using the 

SAS program, version 8.02 (SAS, System 1999). 

3. Results 

Our data revealed interactive effects between water and temperature of [N] in 

leaves, stems, and inflorescences (Fig. 2-C). Leaf and stem [N] increased under higher 

temperatures and in well-watered conditions, while in rainfed conditions and ambient 

temperature, leaf [N] decreased in inflorescences. However, under wSeT conditions 

we observed that the higher temperature exacerbated the negative impact of drought 

on leaf and stem [N] (Fig. 2A, 2C).  

 

Meanwhile, in wSeT plots, higher temperatures led to higher [N] in inflorescences 

than those in wSaT plots; no differences from sWeT plots were noted (Fig. 2B). Leaf 

and stem [P] reduced due to the isolated effects of W and T; however, the interactive 

effect of W and T increased [P] under wSeT conditions in both organs (Fig. 2D, 2F). 

However, the inflorescence [P] increased under sWaT conditions but decreased in the 

non-irrigated plots (Fig. 2E). Interestingly, leaf and inflorescence [C] increased under 

wS conditions regardless of the temperature (Fig. 2G, 2H). 
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Fig. 2. Concentrations of elements in leaves, inflorescences, and stems of 

Stylosanthes capitata grown under different canopy temperatures and soil water 

availability treatments: irrigation and ambient canopy temperature (sWaT), irrigation 

and elevated canopy temperature (sWeT), non-irrigation and ambient canopy 

temperature (wSaT), and non-irrigation and elevated canopy temperature (wSeT). 

Element concentrations are marked as follows: nitrogen concentration of leaf (A), 

inflorescence (B), and stem (C); phosphorus concentration of leaf (D), inflorescence 

(E), and stem (F); carbon concentration of leaf (G), inflorescence (H), and stem (I). 

Different uppercase letters indicate significant differences between same soil water 

availabilities at different temperatures, while lowercase letters indicate significant 

differences between different soil water availabilities at the same temperature, 

according to the F test. Significant differences are marked as follows: * p≤0.05; ** 

p≤0.01; ns not significant. W×T marks the interactive effects of water and temperature; 

LSD marks the least significant difference. Error bars show standard errors based on 

the average values of three replicates. 

 

 Leaf C:N ratio reduced due to the effects of higher temperatures in irrigated 

plots; however, an interactive effect increased C:N ratio under wSeT conditions (Fig. 

3A). Our data showed that higher temperatures caused the decrease of C:N ratio in 

inflorescences, especially under wSeT conditions (Fig. 3B). However, stem C:N ratio 
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increased due to the isolated effects of W and T, and a synergistic effect was observed 

under wSeT conditions (Fig. 3C). Leaf C:P ratio decreased under wSeT conditions due 

to an interactive effect of higher temperature and lower soil water availability, reversing 

the isolated effect of drought (Fig. 3D). In inflorescences and stems, we observed the 

isolated effect of drought increased C:P ratio (p≤0.01) (Fig. 3E, 3F). Leaf N:P ratio 

decreased due to an interactive effect under wSeT conditions (Fig. 3G), while in 

inflorescences and stems we observed that the isolated effect of drought increased 

N:P ratio (Fig. 3H, 3I). 

 

Fig. 3. Element ratios in leaves, inflorescences and stems of Stylosanthes capitata 

grown under different canopy temperatures and soil water availability treatments: 

irrigation and ambient canopy temperature (sWaT), irrigation and elevated canopy 

temperature (sWeT), non-irrigation and ambient canopy temperature (wSaT), and non-

irrigation and elevated canopy temperature (wSeT). Element ratios are marked as 

follows: leaf C:N ratios (A), inflorescence C:N ratios (B), stem C:N ratios (C), leaf C:P 

ratios (D), inflorescence C:P ratios (E), stem C:P ratios (F), leaf N:P ratios (G), 

inflorescence N:P ratios (H), and stem N:P ratios (I). Different uppercase letters 

indicate significant differences between the same soil water availabilities at different 

temperatures, while lowercase letters indicate significant differences between different 

soil water availabilities at the same temperature, according to the F test. Significant 

differences are marked as follows: * p≤0.05; ** p≤0.01; ns not significant. W×T marks 

the interactive effects of water and temperature; LSD marks the least significant 

difference. Error bars show standard errors based on the average of three replicates. 
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For leaf biomass production, we observed an antagonistic effect between W and 

T, with higher temperature increasing the plant’s biomass (33% increase), and drought 

decreasing it (30% decrease). Under wSeT conditions, the effect of drought was more 

pronounced, and leaf biomass production decreased compared to sWeT conditions 

(Fig. 4A).  

 

Inflorescence dry mass production also increased at higher temperatures, while 

in drought conditions it decreased. However, under the combined effects of higher 

temperatures and drought (wSeT), inflorescence dry mass increased compared to 

wSaT conditions (Fig. 4A).  

 

Stem biomass accumulation decreased under wS conditions regardless of the 

temperature (Fig 4A). The changes in plant living conditions changed the allocation of 

biomass between plant organs (Fig. 4B, 4C). Leaf/inflorescence ratio decreased in 

warmer plots, and this effect was most pronounced under the combined wSeT 

conditions (Fig. 4B). Leaf/stem ratio increased due to the isolated effect of higher 

temperatures, while it decreased in drought conditions. However, when combined, 

higher temperatures and drought decreased the leaf/stem ratio compared to sWeT 

conditions (Fig. 4C). 
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Fig. 4. Dry biomass of leaves, inflorescences and stems (A), leaf/inflorescence ratio 

(B), and leaf/stem ratio (C) of Stylosanthes capitata under different canopy 

temperature and soil water availability treatments: irrigation and ambient canopy 

temperature (sWaT), irrigation and elevated canopy temperature (sWeT), non-

irrigation and ambient canopy temperature (wSaT), and non-irrigation and elevated 

canopy temperature (wSeT). Different uppercase letters indicate significant differences 

between the same soil water availabilities at different temperatures, while lowercase 

letters indicate significant differences between different soil water availabilities at the 

same temperature, according to the F test. Significant differences are marked as 

follows: * p≤0.05; ** p≤0.01; ns not significant. W×T marks the interactive effects of 

water and temperature; LSD marks the least significant difference. Error bars show 

standard errors based on the average of three replicates. 
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4. Discussion 

Although important for the comprehending many acclimation mechanisms, 

studies that research the impact of isolated abiotic factors have limited extrapolation 

capacity to field conditions. Therefore, research encompassing combinations of abiotic 

factors may be more useful for understanding plant responses to climate change 

conditions. Plants are able to allocate certain organic and inorganic compounds 

between different tissues, modifying the mineral composition and carbon accumulation 

in different tissues. Therefore, we explored the interacting effects of two abiotic factors 

on stoichiometric ratios of C:N:P and biomass production of S. capitata in different 

plant organs under field conditions. 

 

The ANOVA analysis showed that the water stress considerably affected [N] in 

leaves and stems of S. capitata (Fig. 2A, 2C). However, under wSeT conditions, this 

effect was more pronounced, suggesting that higher temperatures exacerbate the 

effects of drought, in agreement with earlier studies (Allison and Treseder 2008; 

Habermann et al. 2019b). The reduced plant [N] is an important indicator suggesting 

that the uptake, transport or redistribution of nitrogen is limited (Rouphael et al. 2012). 

Furthermore, low soil moisture may decrease the nutrient supply through reduced 

mineralization rates (Sanaullah et al. 2012), reduced soil microbial activity (Borken and 

Matzner 2009), and reduced mass flow and nutrient diffusion in the soil (Lambers et 

al. 2008). In contrast, under warmer and well-watered conditions (sWeT), leaf and stem 

[N] increased (Fig. 2A, 2C), which is associated with higher transpiration rates and 

better water-use efficiency. These results suggest greater homeostatic stability of N in 

vegetative structures (leaves and stems) compared to reproductive structures 

(inflorescences), since N regulates the development of plant organs and exerts 

stronger control over vegetative than over reproductive growth (Marschner and 

Marschner 2012; Peng et al. 2016). 

 

On the other hand, under isolated effects of W and T, the [P] decreased in 

different plant tissues (Fig. 2D-F), likely due to reduced soil moisture, which decreases 

the contact surface area between the root and the soil, hampering nutrient absorption 

(Barber 1995; Rouphael et al. 2012). Consequently, nutrient transport to leaves was 
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also reduced, decreasing the leaf [P] (Sardans et al. 2006, 2008c; Sardans and 

Peñuelas 2007). However, under wSeT conditions, [P] increased (Fig. 2D, 2F), 

suggesting an offset effect of warming on phosphorous metabolism, even though plant 

[P] responses to drought are still poorly understood (Sardans et al. 2008b; Sardans 

and Peñuelas 2012). This happens because [N] and [P] depend on the balance 

between the absorption of N and P, carbon assimilation rate, and the loss of N and P 

in the plant-soil system (Luo et al. 2016). Under arid conditions, P and N cycles tend 

to decouple, decreasing soil [N] while increasing soil [P] (Delgado-Baquerizo et al. 

2013). However, in irrigated plots, P concentrations were higher in inflorescences 

compared to leaves and stems (Fig. 2D-F). P regulates plant flowering and seed 

formation (Marschner and Marschner 2012), and it is a crucial nutrient for the 

reproductive structures (Peng et al. 2016). 

 

Regarding C allocation to different tissues, we did not observe any interactions 

between W and T (Fig. 2G-I). However, there was an increase in [C] in leaves and 

inflorescences of plants grown under wS conditions regardless of the temperature (Fig. 

2G, 2H), suggesting that C was allocated to those organs because of drought (Fig. 

1B). This effect could be explained by the fact that plants produce carbon-rich 

compounds, such as proline and glycine betaine, in addition to synthesizing more 

fibers and lignin in leaves, to protect themselves against the effects of drought 

(Fiasconaro et al., 2019; Selim et al., 2019; Olivera Viciedo et al., 2019; Sardans et al., 

2006). 

 

A wide range of changes in C:N ratio can occur in response to higher 

temperatures depending on the duration and intensity of heat, plant species 

composition, climate type, and different abiotic factors (Sardans et al. 2012). In this 

study, we found that C:N ratio increased under wSeT conditions in leaves and stems 

(Fig, 3A, 3C), and no differences were found in inflorescences (Fig. 3B). These results 

are in agreement with a study conducted on a C4 grass Panicum maximum (Poaceae) 

under wSeT conditions in the field, in which the authors observed an increase in C:N 

and C:P ratios (Olivera Viciedo et al. 2019). C:N ratio is also related to the senescence 
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process in leaves (Chen et al. 2015). However, it is still unclear how plant N:P ratios 

change in response to drought (Sardans et al. 2008b; Sardans and Peñuelas 2012). 

 

C:P and N:P ratios increased under drought conditions in different organs 

compared to irrigated conditions (Fig. 3D-I), probably as result of decreased [P] (Fig. 

2D-F) and plant protection mechanisms against drought, as this has been found in 

certain Mediterranean tree species (Inclán et al. 2005; Matías et al. 2011). These 

findings indicate that drought conditions have a tendency to increase C:P and N:P 

ratios regardless of the climate zone (tropical or temperate). Most of the drought-

avoidance responses enable the plant to adjust to low availability of resources (water 

and minerals) (Poorter and Nagel 2000). In fact, in addition to the reduction in available 

water, soil dryness decreases nutrient availability, with strong interactive effects on 

plant growth and metabolism (Chaves et al. 2003). On the contrary, under sWeT 

conditions, there was a high level of stoichiometric homeostasis in all plant parts except 

for the inflorescences (Fig. 3D-F). The increase in N:P ratio under sWeT conditions 

could be associated with the increased mineralization and nitrification of N, increasing 

the N availability in the soil (Melillo et al. 2011). However, drought can increase N:P 

ratio solely as a consequence of decrease in [P] in different plant tissues, with no 

changes in [N] (Fig. 2A-F). Therefore, our results indicate that reduced soil moisture 

can change biomass production rate and N:P and C:P ratios in this tropical grass. 

 

We observed that leaf biomass increased under well-watered and warmer 

conditions. This positive effect on biomass accumulation has previously been reported 

(Martinez et al. 2014; Gonzalez-Meler et al. 2017). The underlying mechanisms of this 

response are probably associated with an improved photosynthesis rate and PSII 

performance with a moderate level of canopy warming (Martinez et al., 2014). 

Habermann et al. (2019a) demonstrated that even with a moderate level of warming, 

rainfed conditions, and low soil moisture, the photosynthetic performance was 

improved and plant water status remained stable. Aside from this effect, warming has 

been shown to affect plants by modifying fiber synthesis and consequently changing 

the digestibility of leaves and stems (Wilson et al. 1991). In a recent study with Panicum 

maximum plants exposed to moderately warm conditions, the plants’ biomass 
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production and fiber content increased, while crude protein content decreased, leading 

to a reduction of forage digestibility (Habermann et al. 2019b).  

 

These results indicated that even with improved foliage production, pastures 

might be negatively affected due to reduced nutritional quality and digestibility of the 

plants. The increased leaf/stem ratio under sWeT conditions indicated that a part of 

the plant’s biomass is being allocated to leaves, which suggests a lesser effect of 

higher temperatures on stem biomass. In warmer plots, regardless of SWC level, we 

have also observed some level of biomass allocation from leaves to inflorescences, 

which was expected since the plants have reached anthesis and were investing in the 

production of flowers. This positive effect of higher temperature on flower production 

has been reported in many studies and has a great potential to change pollination and 

reproductive potential of this species in pastures (Jagadish et al. 2016). 

 

However, in this study we showed that under rainfed conditions, leaf biomass 

production is not consistent in warmer plots. We hypothesize that under rainfed 

conditions, carbon is being allocated to stems, which is indicated by the reduced 

leaf/stem ratio caused by wS conditions. Due to the antagonistic strategies of carbon 

allocation in the conditions of higher temperatures and dry soil (wSeT), leaf dry mass 

production decreased less than under wSaT conditions. Therefore, we found a lower 

level of stoichiometric homeostasis in non-irrigated plots (wSaT and wSeT) compared 

to the irrigated plots, which could be associated with decreased biomass production 

(Fig. 4A). Higher temperatures in dry environments can increase the rate of soil drying 

and limit nutrient and water intake (Link et al. 2003; Allison and Treseder 2008).  

 

These results partially corroborate our second and third hypotheses, and are in 

agreement with other experiments (Olivera Viciedo et al. 2019). In contrast, S. capitata 

plants grown under sWeT conditions had higher levels of stoichiometric homeostasis 

and biomass production, corroborating our first hypothesis. According to Fahey et al. 

(1994), temperature is the main factor influencing the nutritive value of forage plants. 

Some recent studies have shown that in a tropical pasture with sufficient water and soil 

nutrient availability, a rise in temperature tends to increase plant growth and biomass 
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production (Martinez et al. 2014; Gonzalez-Meler et al. 2017; Habermann et al. 2019b; 

Olivera Viciedo et al. 2019). This increases leaf/stem ratios due to higher leaf 

appearance and leaf elongation rates, even though this does not necessarily result in 

a higher quality of the forage (Prado et al. 2016). Therefore, the effect of warming on 

biomass production could be related to growth conditions, phenology, and the ability 

of plants to maintain a relatively stable composition of elements regardless of 

environmental changes and to remain in homeostasis. 

5. Conclusions 

 Our results indicated that drought and high temperatures change the 

stoichiometric ratios of C:N:P of S. capitata under field conditions. Our findings showed 

that the change in soil water availability changes the biomass production of this species 

under moderate warming, as reported in other studies. Rainfed conditions decreased 

biomass production up to 30% in wSaT plots, and reduced [P], which suggests that the 

growth and production rates of S. capitata may be more responsive to changes in soil 

[P] than to the changes in soil [N]. However, higher temperatures combined with 

drought decreased [N], increasing the C:N ratio. Meanwhile, higher temperatures 

combined with well-watered conditions increased leaf biomass production up 33%, 

indicating a higher stoichiometric homeostasis of this tropical forage legume in well-

watered conditions.  
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CHAPTER 4- Water stress and elevated canopy temperature impact the nutrient-

use efficiency of Megathyrsus maximus (Jacq.) B.K.Simon & Jacobs 

under field condition 

 

Abstract 

Human-induced global warming is expected to increase the intensity and duration of 

drought, heat waves and other extreme weather events, leading to negative impacts 

on plant growth and yield. Plant responses to abiotic stresses are typically being 

studied under artificial growth conditions.  However, field conditions is very different 

from the controlled conditions used in laboratory studies, and often involves the 

simultaneous exposure of plants to more than one abiotic and/or biotic stress factors. 

Predicted climate change might affect the nutrient-use efficiency (NUE) and growth of 

Megathyrsus maximus Jacq B.K.Simon & Jacobs cv. ‘Mombaca’. Therefore, we aim 

to evaluate the isolated and combined effects of warming (eT) and water stress (wS) 

on the accumulation of nutrients, NUE, and biomass production of M. maximus under 

field conditions. Temperature control was performed by a temperature free-air-

controlled enhancement (T-FACE) system. The wSaT treatment decreased NUE of K, 

Ca, and B and the leaves dry biomass, while root growth was stimulated. Under sWeT 

treatment increased the leaves dry biomass, root dry biomass, root length density, root 

surface area and the NUE of N, P, K, Ca, Mg, Cu, Mn, and Zn. Meanwhile, in the wSeT 

treatment, biomass production was not affected presumably because of the increased 

NUE of N, P, K, Ca B, Fe and Zn, enhanced root length and the absence of negative 

effects on other nutrients compared with isolated drought. We concluded that warming 

buffered the negative impacts of drought on mineral composition of leaves, NUE and 

biomass production of M. maximus under field conditions.  

 

Keywords: Tropical pasture, gas exchange, biomass production, nutrients uptake, 

root growth 

 

1 This chapter corresponds to the scientific article submitted to the journal 

Environmental and Experimental Botany and is being evaluated for publication 

https://pubag.nal.usda.gov/?q=%22biomass+production%22&search_field=subject
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1. Introduction 

 Human-induced climate change is considered one of the greatest concerns for 

future societies because of its effects on worldwide food production. The 

Intergovernmental Panel on Climatic Change (IPCC) has shown that anthropogenic 

global warming is already occurring (IPCC, 2018). The RCP 6.0 climate scenario of 

IPCC estimate that the global mean surface air temperature could reach values of 

2.3±0.3°C by 2046-2065 and 2.8±0.4°C by 2081-2100 (Brown and Caldeira, 2017). 

Climate change is occurring because of the intense emissions of greenhouse gases, 

such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), which increase 

the global surface temperature. These changes are increasing the intensity and 

severity of heat waves (Wu et al., 2011), droughts, and floods around the world 

(Rizhsky et al., 2004; Shah and Paulsen, 2003; Xu and Zhou, 2005).  

 

Temperature and other abiotic factors, such as solar radiation, water availability, 

and mineral nutrition, are crucial to maintaining crop production (Taiz et al., 2013). 

However, studies regarding the effects of climate change on plant species have been 

restricted to only a few species and temperate ecosystems. For C4 tropical forage 

species, studies are even rarer (Habermann et al., 2019a) although these species are 

widely used in different parts of the world. Brazil  has  about  180  million  hectares  of  

pastures  and  is  one of  the  largest  commercial  producers  of  world  cattle,  which 

depends on the pasture (Galindo et al., 2017; Silva et al., 2009). The  grass species 

M. maximus (Guinea-grass) is one of the most cultivated pasture grasses for livestock 

farming because high productive potential around  33  t ha-1 of  dry  biomass (Freitas 

et al., 2009).   

 

A previous experiment conducted in pots showed that drought reduced the 

accumulation and NUE of N, P, and K in M. maximus leaves, resulting in a decreased 

aboveground biomass production (Dias-Filho et al., 1992). Reduced mineral 

absorption under water stress occurs because of the reduced contact between roots 

and nutrients, since nutrient movement through soil, either by diffusion or mass flow, 

depends on the soil water content (Potters et al., 2007; Shao et al., 2008) and leaf 
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transpiration rate (E). During periods of water shortage, E is reduced (Ng et al., 1975), 

impairing the mass flow between roots and soil.  

For C4 species, such as M. maximus, the optimum growth temperature is 30-

40°C (Yamori et al., 2014). Thus, it is possible that a moderate warming of 2°C will not 

harm the growth of this species, and depending on other environmental interactions as 

the high temperature under irrigation and nutrient, guinea-grass could even be 

benefited (Prado et al., 2016). Recent studies have been carried out on M. maximus 

under field conditions using the T-FACE system (Habermann et al., 2019a; Prado et 

al., 2016). The authors showed that an increase of 2°C in canopy temperature with 

adequate soil moisture and mineral supply, enhanced the biomass production by 22% 

presumably due to a new starch remobilization strategy. However, under rainfed 

conditions, it seems that only under a warmed and CO2-enriched atmosphere 

aboveground biomass is improved (Habermann et al., 2019b).  

 

Nonetheless, the combined effects of warming and water stress on the 

performance of tropical forage crops is not well documented in the literature. In a study 

performed with Panicum coloratum (Poaceae) cultivated in pots, it was demonstrated 

that an increase in temperature to 40°C was not harmful to the growth of this forage 

species even under water stress (Bade et al., 1985). Recent efforts have been made 

in order to understand M. maximus responses to future climate change variables. 

 

Under combined conditions of warming and drought, soil water deficit is the only 

factor that reduces photosynthesis (Habermann et al., 2019a) and stoichiometric 

homeostasis of M. maximus (Olivera Viciedo et al., 2019). Evidences also indicated 

that both abiotic factors (drought and warming) decreases the forage quality and 

digestibility of guinea-grass due to increased content of fibers and lignin in leaves and 

reduced crude protein amount (Habermann et al., 2019a). However, the impacts of 

climate change variables on mineral composition of M. maximus and the strategies of 

nutrient uptake by roots are unknown.  

 

Therefore, the aim of this study was to evaluate the isolated and combined effects 

of warming and soil water deficit on the accumulation of nutrients, NUE, and growth of 
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M. maximus under field conditions. Here, we tested three hypotheses: (1) soil water 

deficit will decrease the accumulation and NUE of most of the macro and 

micronutrients, whilst root growth will be stimulated as a strategy to cope with the soil 

water deficit; (2) an increase of 2°C in canopy temperature plus adequate soil moisture 

will enhance whole-plant biomass production, accumulation and NUE of most of the 

nutrients; (3) warming will exacerbate the negative impact of water stress.  

2. Material and methods 

2.1. Study site and system  

The experiment was conducted at the Trop-T-FACE facility, located at the 

University of Sao Paulo, Ribeirão Preto campus, São Paulo state, Brazil (S 21° 10′ 8′′ 

W 47° 51′48′′) using the tropical forage specie Megathyrsus maximus (Jacq.) 

B.K.Simon & Jacobs cv. ‘Mombaca’. According to the classification of Köppen-Geiger, 

the climate of the experimental area is tropical with dry winters and rainy summers 

(Alvares et al., 2013). The experimental area is characterized by an annual average 

temperature of 22°C, an average yearly precipitation of 1508 mm (Climate-Data, 

2016). 

 

The soil is classified as Rhodic Ferralsol, with clay texture (IUSS - WRB, 2014). 

Plants were exposed to four treatments: canopy ambient temperature and irrigated soil 

(sWaT); canopy warming (2°C above the ambient canopy temperature) and irrigated 

soil (sWeT); soil moisture deficit and ambient canopy temperature (wSaT) and soil 

moisture deficit and canopy warming (wSeT). Experimental plots were arranged in four 

randomized blocks with four treatments in each block. 

2.2. T-FACE description  

Plants were warmed using the T-FACE (Temperature free-air controlled 

enhancement) system under field conditions with a set-point of 2ºC above ambient 

canopy temperature (Kimball et al., 2008). In each warmed plot, six Salamander TFE 

750-240 infrared heaters (Mor Electric Heating, Comstock Park, MI, USA) mounted on 

Salamander ALEX-F reflectors (Mor Electric Heating, Comstock Park, MI, USA) were 
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placed in a hexagonal pattern of 2 m diameter. The IR Heaters were mounted on 

horizontal aluminum bars and were positioned 0.8 m above the plant canopy.  

 

The canopy temperature of each plot was monitored by an infrared thermometer 

model SI-1H1-L20, (Apogee Instruments, EUA) (Campbell Scientific, UT, USA). The 

T-FACE system used a proportional-integrative-derivative (PDI) feedback control 

system in a model CR1000 datalogger with AM25T multiplexors (Campbell Scientific, 

Logan, UT, USA) to maintain an approximately 2°C increase over the ambient canopy 

temperature (Kimball et al., 2008).  Dummy heaters were installed in plots with no 

warming to produce the same shading between the plots. A computer with the 

Loggernet software was used to access and collect data from the T-FACE system 

during the experiment. The air temperature was measured in each plot at canopy 

height using the HOBO ProV2 U23-002 sensors (Onset, Hobo Dataloggers, USA).  

2.3. Irrigation 

Before initiating the treatments, all plots were irrigated equally to maintain soil 

water content at 80% field capacity. Water stress was applied by the suspension of 

watering in the wSaT and wSeT plots. The soil water content (SWC) were monitored 

hourly with Theta Probe ML2xe (Delta-T Devices Ltd), and ST2 sensors located at the 

center of each plot at 10 cm depth and connected to a datalogger model DL2e (Delta-

T Devices Ltd) (Fig. 1).  

 

The average of SWC of the sWaT and sWeT plots were 0.51 and 0.46 m3 m-3, 

respectively. Meanwhile the average soil water content of both wSaT and wSeT plots 

was 0.37 m3 m-3, and during the maximum period of water stress was reached 0.25 m3 

m-3. The maximum air temperatures registered during the growing season were 37.7, 

39.9, 40.5, and 40.4°C under the sWaT, wSaT, sWaT and wSeT treatments, 

respectively (Fig. 2a). The minimum air temperatures during the experiment were 13.1, 

10.1, 11.8, and 12.67°C under the sWaT, wSaT, sWeT, and wSeT treatments, 

respectively (Fig. 2b). 
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Fig 1. Soil water content registered during the experimental period with Megathyrsus 

maximus. Treatments: canopy ambient temperature and irrigated soil (sWaT); canopy 

warming (2°C above the ambient canopy temperature) and irrigated soil (sWeT); soil 

moisture deficit and ambient canopy temperature (wSaT) and soil moisture deficit and 

canopy warming (wSeT).  

 

Fig 2. Air temperature in each treatment registered during the experimental period with 

Megathyrsus maximus. (a) Maximum air temperatures. (b) Minimum air temperatures. 

Treatments: canopy ambient temperature and irrigated soil (sWaT); canopy warming 

(2°C above the ambient canopy temperature) and irrigated soil (sWeT); soil moisture 

deficit and ambient canopy temperature (wSaT) and soil moisture deficit and canopy 

warming (wSeT).  
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2.4. Pasture management  

Soil fertilization was carried out using 40, 100, 60 and 3 kg ha-1 of N, P2O5, K2O 

and Zn respectively. Each plot was differentially fertilized according to the soil analysis 

and following the recommendations by (Raij et al., 1997). The seeds of M. maximus 

were sowed in 16 plots (4 m × 4 m), and supplemental irrigation was performed during 

seedling growth. Approximately three months after the establishment of the pasture, 

the plants were clipped 30 cm above ground (Santos and Corrêa, 2009). 

Subsequently, the treatments with elevated temperature and soil water deficit were 

initiated and applied for 21 days.  

2.5. Aboveground biomass, root growth and nutrient analysis 

Aboveground biomass production was estimated using a quadrat of 0.2 m × 0.2 

m (an area of 0.04 m²). We collected three samples per plot. Samples were dried in a 

stove at 60°C until constant weight and powdered in an electric mill (Willey type). The 

powdered samples were used to measure the content of macronutrients (N, P, K, Ca, 

and Mg) and micronutrients (B, Cu, Fe, Mn, and Zn) (Bataglia et al., 1978). According 

to the nutrient content and dry mass of plants, we calculated the aboveground 

accumulation of each nutrient. Using the accumulation of nutrients and biomass 

production, we calculated the NUE (Siddiqi and Glass, 1981). 

 

To analyze root growth, we collected soil samples from two regions of each plot 

using a soil-sampling probe (Sondaterra, Brazil) with volume of 1908 cm3. Samples 

were taken from the superficial soil layers (from 0 to 20 cm deep). We washed each 

sample with an alcohol solution 20% and roots were separate with a sieve (0.5 mm). 

Digital images of roots were taken with a commercial scanner (HP, Scanjet G 4050, 

USA). Using the software Safira (Stonway, Brazil), we determined the root length (mm 

cm-3), root volume (mm cm-3) and surface area (cm²). Subsequently, they were oven 

dried at 70°C during 72 hours to measure root dry matter (g m2). 

2.6. Statistical analysis  

Data were subjected to a two-way analysis of variance (ANOVA) after checking 

the homogeneity of variance. The Shapiro-Wilks W test was used to test the normality 
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of the data. The mean values were compared using the least significant difference 

(LSD) Fisher test with a significance level of p-value less than 0.05. We used the 

Statistical Analysis System (SAS version 8.0) software to conduct the analysis (SAS, 

System, 1999). 

3. Results 

Our data showed interactive effects between W × T for the accumulation all of 

macronutrients, except P (Fig. 3a-e) and the micronutrients Cu and Mn (Fig. 4b, d). 

We observed that for most of the macronutrients and micronutrients, warming 

improved nutrients accumulation, while drought decreased it. Therefore, when 

combined under wSeT, warming partially mitigated the negative impact of drought on 

accumulation of N, P, K, Ca, and Mg (Fig. 3a-e) and micronutrients, except for Fe 

(Fig.4c). Meanwhile, under sWeT, showed a synergy effect of  W  T on the 

accumulation of N, P, K, Ca (Fig. 3a, b, c, d) and B, Cu, Fe and Mn (Fig. 4a, b, c, d), 

and with no differences for Mg (Fig. 3b, e), and Zn (Fig. 4e).  
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Fig 3. Accumulation of macronutrients in leaves of Megathyrsus maximus during the 

experimental period. Accumulation of: (a) N, (b) P, (c) K, (d) Ca and (e) Mg. 

Treatments: canopy ambient temperature and irrigated soil (sWaT); canopy warming 

(2°C above the ambient canopy temperature) and irrigated soil (sWeT); soil moisture 

deficit and ambient canopy temperature (sWaT) and soil moisture deficit and canopy 

warming (sWeT). Different uppercase letters indicate significant differences between 

the same soil water availabilities at the different temperatures, and lowercase letters 

indicate significant differences between different soil water availabilities at the same 

temperature, according to the F test. *p ≤ 0.05; ** p ≤ 0.01; NS, not significant; W × T, 

water–temperature interaction; LSD, least significant difference. Stack bars show the 

standard error based on the average of four replicates. 
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Fig 4. Accumulation of micronutrients in leaves of Megathyrsus maximus during the 

experimental period. Accumulation of (a) B, (b) Cu, (c) Fe, (d) Mn and (e) Zn. 

Treatments: Treatments: canopy ambient temperature and irrigated soil (sWaT); 

canopy warming (2°C above the ambient canopy temperature) and irrigated soil 

(sWeT); soil moisture deficit and ambient canopy temperature (sWaT) and soil 

moisture deficit and canopy warming (sWeT). Different uppercase letters indicate 

significant differences between the same soil water availabilities at the different 

temperatures, and lowercase letters indicate significant differences between different 

soil water availabilities at the same temperature, according to the F test. *p ≤ 0.05; ** 

p ≤ 0.01; NS, not significant; W × T, water–temperature interaction; LSD, least 

significant difference. Stack bars show the standard error based on the average of four 

replicates. 

 

For nutrient use efficiency (NUE) we also observed contrary effects between T  

W for most of the nutrients, except for Fe (Fig. 5, Fig. 6). While drought decreased the 

NUE of macronutrient and micronutrients, warming increased NUE. Therefore, under 
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wSeT, warming mitigated the negative impact of isolated drought and increased the 

NUE of N, P, K, Ca (Fig. 5a, b, c, d) and B, Fe, Zn (Fig. 6a, c, e) of M. maximum leaves. 

Meanwhile, under irrigation conditions and elevated temperature (sWeT) the NUE of 

N, P, K, Ca, Mg (Fig. 5a, b, c, d, e), Cu, Mn, and Zn (Fig. 6b, d, e) increased in relation 

to isolated drought (wSeT) plots, with no differences for B and Fe (Fig. 6a, c).  

 

Fig 5. Use efficiency of macronutrients in leaves of Megathyrsus maximus during the 

experimental period. Use efficiency of (a) N, (b) P, (c) K, (d) Ca, and (e) Mg. 

Treatments: Treatments: canopy ambient temperature and irrigated soil (sWaT); 

canopy warming (2°C above the ambient canopy temperature) and irrigated soil 

(sWeT); soil moisture deficit and ambient canopy temperature (sWaT) and soil 

moisture deficit and canopy warming (sWeT). Different uppercase letters indicate 

significant differences between the same soil water availabilities at the different 

temperatures, and lowercase letters indicate significant differences between different 

soil water availabilities at the same temperature, according to the F test. *p ≤ 0.05; ** 

p ≤ 0.01; NS, not significant; W × T, water–temperature interaction; LSD, least 

significant difference. Stack bars show the standard error based on the average of four 

replicates. 
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Fig 6. Use efficiency of nutrients in leaves of Megathyrsus maximus during the 

experimental period. Use efficiency of (a) B, (b) Cu, (c) Fe, (d) Mn, and (e) Zn. 

Treatments: Treatments: canopy ambient temperature and irrigated soil (sWaT); 

canopy warming (2°C above the ambient canopy temperature) and irrigated soil 

(sWeT); soil moisture deficit and ambient canopy temperature (sWaT) and soil 

moisture deficit and canopy warming (sWeT). Different uppercase letters indicate 

significant differences between the same soil water availabilities at the different 

temperatures, and lowercase letters indicate significant differences between different 

soil water availabilities at the same temperature, according to the F test. *p ≤ 0.05; ** 

p ≤ 0.01; NS, not significant; W × T, water–temperature interaction; LSD, least 

significant difference. Stack bars show the standard error based on the average of four 

replicates. 

 

 We also observed contrary effects between W and T for leaf biomass production 

(Fig 7a). While drought decreased leaf dry mass, warming improved biomass 

productivity. Therefore, under wSeT treatment, warming reversed the negative impact 
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of isolated drought on biomass production of M. maximus (Fig. 7a). In contrast, root 

dry biomass (Fig. 8b) increased in approximately 28% under isolated drought (wSaT) 

compared with sWaT, probably due to a greater root volume (Fig. 8d) and root surface 

area (Fig. 8e). However, under rainfed conditions, warming exacerbated the drought 

effect and decreasing root dry biomass in approximately 38% (Fig. 8b).  Although, 

under wSeT plots, root length increased when compared to isolated drought (Fig. 8c). 

 

Fig 7. Whole-plant biomass production at the end of experimental period. (a) Leaves 

dry biomass. (b) Root dry biomass. (c) Root length. (d) Root volume. (e) Root surface 

area. Treatments: canopy ambient temperature and irrigated soil (sWaT); canopy 

warming (2°C above the ambient canopy temperature) and irrigated soil (sWeT); soil 

moisture deficit and ambient canopy temperature (sWaT) and soil moisture deficit and 

canopy warming (sWeT). Different uppercase letters indicate significant differences 

between the same soil water availabilities at the different temperatures, and lowercase 

letters indicate significant differences between different soil water availabilities at the 

same temperature, according to the F test. *p ≤ 0.05; ** p ≤ 0.01; NS, not significant; 

W × T, water–temperature interaction; LSD, least significant difference. Stack bars 

show the standard error based on the average of four replicates.  
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4. Discussion 

 We studied how mineral composition, nutrient use efficiency and biomass 

production of guinea-grass responses to the isolated and combined effects of warming 

and soil water deficit under tropical field conditions. Our main findings suggest that 

both factors have contrary effects on mineral composition and biomass production of 

M. maximus leaves. However, when both factors were combined, warming reversed 

the negative impacts of drought on plants, contradicting our third hypotheses.  

 

Drought stress was the only factor that impaired plant development and 

nutritional quality of guinea-grass. Under soil water deficit, roots are unable to get 

optimal amounts of nutrients from the soil, resulting in metabolic disruption and 

negative effects on plant growth (Waraich et al., 2011). Soil moisture greatly impact 

the degradation of organic matter in the soil, soil microbiota activity and nutrient 

diffusion, which may decrease plant access to nutrients. E.g. Nitrate reductase is a key 

enzyme for N acquisition by plants and due to more-severe drought conditions might 

have a negative effect on nutrient availability, compromising the current structure of 

enzymes (Hueso et al., 2012). In addition, drought stress reduces the uptake of 

phosphorus, increasing P-limitation in plants (Olivera Viciedo et al., 2019; Sardans et 

al., 2008). The plant response mechanisms to the conditions of soil water deficit is 

complex and change according to plant type and growth duration, as well as with the 

period of water restriction (Farooq et al., 2009).  

 

During the same experiment reported here, Habermann et al. (2019a) showed 

that net photosynthesis rate, maximum carboxylation rate of Rubisco, and stomatal 

conductance were impaired under drought regardless temperature level, while PSII 

functioning remained intact. Therefore, we hypothesized that reduced leaf N 

concentration could be contributing to photosynthesis limitation of plants under wS 

plots.  In contrast, the beneficial effect of warming is often the result of an increased 

root development (Mackay and Barber, 1984), as we observed in this study (Fig. 8b, 

c, d, e). Our data showed that under sWeT treatment, root volume, surface area and 

length greatly enhanced, resulting in higher root dry and leaf dry biomass production 

(Fig. 7a, b). These results indicated that elevated temperature induced root soil 
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exploration, presumably enhancing nutrients and water absorption (Sharp et al., 2004). 

Increased soil temperature could increase the N- and P-uptake capacities to a greater 

extent in plant species from warm and fluctuating soil habitats than in species from 

cold and stable soil environments (Bassirirad, 2000).  

 

The increased root growth may be result of new regulation of starch broken and 

remobilization, since it was found that starch content decrease in M. maximus leaves 

during a moderate warming (Habermann et al., 2019a). Therefore, our hypothesis is 

that sugars are being translocated to roots to sustain belowground growth and to new 

leaves increasing leaves biomass. Plants respond to environmental changes 

partitioning biomass to different organs as a mechanism to enhance resources 

utilization and growth. Our data indicated that under wSaT treatment, carbon was 

remobilized to sustain root growth, a response often associated to a search for water 

resources at deeper soil layers (Hodge et al., 2009). This improvement in root growth 

may explain the buffering effect of warming when combined with drought at wSeT 

treatment, since transpiration rate and water use efficiency were both not increased 

due to warming effect (Habermann et al., 2019).  

 

The dry biomass yield is the result of complex interactions between different 

physiological processes. Most of these processes are negatively affected by drought 

stress. Drought impairs cell mitosis and elongation, resulting in limited growth (Hussain 

et al., 2008), mainly due to the loss of turgor (Taiz et al., 2013). The drought-induced 

reduction in yield might also occur due to other factors, such as decreased rate of 

photosynthesis (Saud et al., 2017), disturbed assimilate partitioning (Gulías et al., 

2003), or poor flag leaf development (Rucker et al., 1995). The negative effect of 

drought on leaf biomass production was associated with a reduction in the absorption 

of macronutrients, such as N, P, K, Ca and Mg (Fig. 3a, b, c, d, e), and micronutrients 

(Fig. 4), as well as by an impairment of the NUE of K, Ca (Fig. 5c, d), and B (Fig. 6a). 

Similar effects were observed in Kentucky bluegrass, in which growth was adversely 

influenced by drought conditions (Saud et al., 2017).  
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Meanwhile, under warming and irrigated plots (sWeT), we observed an increase 

in leaves dry biomass production. This beneficial effect was presumably associated 

with a high  leaf homeostatic capacity of plant (Olivera Viciedo et al., 2019), a higher 

content of amino acids related to drought tolerance (Wedow et al., 2019) and a higher 

accumulation of N, P, K, Ca, Mg and B, Cu, Fe, Mn (Fig. 3a, c, d and Fig. 4a, b, c, d) 

and an increase in the NUE of macronutrients (Fig. 5a-e), and micronutrients as Cu, 

Mn, and Zn (Fig. 6b, d, e). Suggest that the increased N in C4 grasses leading to 

increased biomass production under warming (Sardans et al., 2012).The enhanced 

shoot development was coupled with a greatest root growth. This synchronization 

between shoot-root grown is necessary since a greater aerial growth increase the 

demand for more water and nutrients uptake from soil (Hodge et al., 2009). In the 

warmed plots, the air temperature in the growing season reached up to 40°C, which 

was higher than that observed under the control conditions (Fig. 2a). This increase in 

temperature was beneficial for M. maximus since the optimum growth temperature for 

this species ranges between 30 and 40°C (Yamori et al., 2014). Previous experiments 

showed that elevated temperatures (35°C in daytime and 30°C during the night) 

increased photosynthetic nitrogen use in Panicum. coloratum (Dwyer et al., 2007). Our 

results help to explain the 22% increase in the aboveground biomass of M. maximus 

observed under the conditions similar to those used in the present study; however, leaf 

nutrients were not measured in their study (Prado et al., 2016).  

 

The mineral composition of leaves are important aspects of forage quality for 

livestock. Some important insights regarding future animal feeding can be discussed 

from our data, because forage quality depends on nutrient concentration, which 

determines digestibility, partitioning of metabolized  products  in  the  digestive  tract  

and  forage  intake;  it  thus  strongly  affects  animal performance (Dumont et al., 

2014).  
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5. Conclusions 

Our study indicated that under future conditions of high temperature and soil 

water deficit similar to those found here, an increase of nutrients accumulation and 

NUE could contribute to a greater mineral quality of guinea grass. We observed that 

warming and drought have contrary effects on mineral composition, NUE and biomass 

production of M. maximus under field tropical conditions. The positive effect of warming 

completely buffered the negative impacts of drought, suggest leading to a greater 

biomass under future conditions.   
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