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ABSTRACT: Gladiola (Gladiolus × grandiflorus Hort.) is an important cut flower for small farmers 
in Brazil. While the El Niño Southern Oscillation, which causes interannual variability to air temperature 
in Southern Brazil, can shift the optimum planting window of gladiola, an increase in temperature due 
to climate change can accelerate gladiola flowering and cause injuries by heat. The objective 
of this study was to assess the potential climate change effects on gladiola optimum planting 
date for specific market dates and investigate injuries occurrence on spikes in the Rio Grande 
do Sul State, Brazil. Field experiments were conducted from 2016 to 2018 at four different locations 
across the Rio Grande do Sul State to evaluate the performance of the PhenoGlad model in simulating 
the developmental stages of gladiola. The PhenoGlad model was run on climate scenarios of the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) named RCP2.6, RCP4.5 and RCP8.5 
scenarios. The climate change scenarios caused a delay in the optimum planting date to harvest 
gladiola for All Souls’ Day across the Rio Grande do Sul State. For harvesting spikes for Mother’s 
Day, negative anomalies (earliest planting date) occurred in the warmest regions, because 
the very high temperature extended the crop development. Injuries by heat on spikes reached 
positive anomalies in 70 % of the years in the warmest regions for scenario RCP8.5. To harvest 
spikes for Mother’s Day, heat injury did not exceed 20 % of the years. Mitigation strategies for 
farmers to deal with climate change and keep their gladiola production include adjusting the 
optimum planting date.
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Introduction

The increase of greenhouse gases (GHG) emissions 
into the atmosphere is a major cause of the increase 
of global surface temperature. The latest report of the 
Intergovernmental Panel on Climate Change (IPCC) 
indicates an average global temperature increase of 
0.85 °C from 1880 to 2012, with the largest increase in 
the 1990’s (Kerr, 2005; IPCC, 2013). In the subtropics of 
Southern Brazil, which includes the state of Rio Grande 
do Sul, daily thermal amplitude in summer months 
decreased from 1960 to 2002 because of a larger increase 
in minimum temperature (Marengo and Camargo, 2008). 

Agriculture is highly vulnerable to climate change 
(Alexandrov and Hoogenboom, 2000; IPCC, 2013) and 
several studies have shown an impact on crops yield 
mainly at the end of last century (Hur and Ahn, 2015; 
Ramirez-Villegas and Thornton, 2015; Bhattarai et al., 
2017; Cera et al., 2017). For ornamental crops grown in 
open field, temperature changes may cause major losses 
because the market requires that flowering occur within 
a rather narrow time window to meet the market demand 
(Snipen et al., 1999; Fisher and Lieth, 2000; Munir et al., 
2015). In Rio Grande do Sul State, the cultivated area with 
floriculture crops covers 1,360 ha and the sector generates 
about 11,000 jobs (Ibraflor, 2018). However, roughly 90 % 
of the cut flowers consumed come from other states and 
gladiola is an alternative crop to supply this demand.

Gladiola is one of the most popular bulbous 
cut flowers worldwide (Thakur et al., 2015) and an 
important crop for small farmers in Brazil because it is 

easily grown in open field. Air temperature is the main 
abiotic factor that drives gladiola phenology (Schwab 
et al., 2015). Climate variability such as the El Niño 
Southern Oscillation (ENSO), which causes interannual 
variability to air temperature in Southern Brazil, can shift 
the optimum planting window of gladiola according to 
the ENSO phase (Becker et al., 2020). While studying 
the ENSO effect produces short-term responses to 
gladiola farmers, studies on climate change are important 
for the long term and may drive decisions of policy 
makers, management practices, and breeding programs. 
Therefore, a practical and important question for farmers 
is how climate change, mainly global warming, can affect 
gladiola phenology and flower quality compared to the 
current climate? Furthermore, if phenology is affected, 
how optimum planting date needs to be shifted to reach 
market targets? The objective of this study was to assess 
the potential climate change effects on optimum planting 
date of gladiola to meet de demands of specific market 
dates as well as investigate injuries occurrence on spikes 
in the Rio Grande do Sul State, Brazil.

Materials and Methods

The study region and climate scenarios
This study was performed in the State of Rio 

Grande do Sul, Southern Brazil, (Figure 1A). According 
to Köppen climate classification system, the state 
has regions with humid subtropical climate without 
dry seasons and hot summers (Cfa) and regions with 
temperate summers (Cfb) (Alvares et al., 2013).
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The scenarios of climate change used in this 
study were obtained from the Assessment Report 
Five (AR5) of the IPCC, derived from the Coupled 
Model Intercomparison Project Phase 5 (CMIP5). 
Three scenarios were used: RCP2.6, RCP4.5, and 
RCP8.5 (RCP stands for Representative Concentration 
Pathway), representing optimistic, intermediate and 
pessimistic scenarios of GHG emissions, respectively. 
Climate scenarios were generated with the global ocean-
atmosphere HadGEM-ES model (Jones et al., 2011) 
with a 250-km spatial resolution and used as boundary 
conditions for downscaling to a regional basis with a 
81-km resolution with the RegCM4 (Regional Climate 
Model, version 4), totaling 46 grid points across Rio 
Grande do Sul State (Figure 1B). The projections of 
temperature increase and CO2 concentration until 2100 
are 1.7 °C and 421 ppm for RCP2.6 scenario, 2.6 °C and 
538 ppm for RCP4.5 scenario, and 4.8 °C and 936 ppm 
for RCP8.5 scenario (IPCC, 2013). Two periods were 
used for each grid points: 1976 to 2005 (baseline period) 
and 2070 to 2098 (for each climatic scenarios). 

The PhenoGlad model
The model used in this study was PhenoGlad 

(Uhlmann et al., 2017), a dynamic process-based gladiola 
phenology model that was previously calibrated and 
validated with different cultivars, planting dates, years, 
and locations from experiments conducted in two 
southern states in Brazil, Rio Grande do Sul State and 
Santa Catarina (Uhlmann et al., 2017). In PhenoGlad, 
gladiola phenology is simulated without water limitations 
and considering three main phases based on the 
developmental scale by Schwab et al. (2015): sprouting 

phase, vegetative phase, and reproductive phase. Starting 
at planting, the developmental stage (DVS) is calculated 
by accumulating the daily developmental rate values, 
using daily mean air temperature, using the nonlinear 
approach of Wang and Engel (1998). A nonlinear 
temperature response function is used to penalize crop 
development when daily air temperature is below or 
above the optimum temperature. The PhenoGlad model 
simulates the development of selected cultivars or, in the 
general mode, of four different maturity group (MG): 
Early, Intermediate I, Intermediate II and Late. Each MG 
has a maximum daily developmental rate that represents 
a group of cultivars belonging to this MG. The cardinal 
temperatures: minimum (Tb), optimum (Topt) and 
maximum (TB) in the sprouting phase are Tb = 5 °C, 
Topt = 25 °C, and TB = 35 °C. In the vegetative phase, 
the cardinal temperatures are Tb = 2 °C, Topt = 27 °C 
and TB = 45 °C and in the reproductive phase, cardinal 
temperatures are Tb = 6 °C, Topt = 25 °C and TB = 
42 °C. Input data required to run the PhenoGlad include 
daily minimum and maximum air temperatures, planting 
or emergence date and cultivar or MG (Early, Intermediate 
I, Intermediate II and Late). Air temperature is the only 
factor that controls gladiola development in PhenoGlad 
and the model was calibrated under potential condition 
(without water limitation) (Uhlmann et al., 2017). Most 
farmers in the state, even small farmers, use irrigation in 
their gladiola beds. In this study, we are looking at direct 
effects of climate change (air temperature) on gladiola 
plants. Version 1.1 of the PhenoGlad model, available at 
www.ufsm.br/phenoglad, was used in the study. 

The PhenoGlad model also simulates the 
occurrence of crop injuries caused by low (freezing) 

Figure 1 – Maps of South America and Brazil (A), and Rio Grande do Sul State (B) with the four locations (Santa Maria, Cachoeira do Sul, 
Dilermando de Aguiar, and Santiago) where field experiments with gladiola were conducted. The grid points of the climate scenarios and the 18 
locations of weather stations from the Brazilian Meteorological Service (INMET) used in this study. 
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and high (heat) temperatures. When daily minimum 
temperature (Tmin) is lower than −2 ºC during at least 
four days in a row from emergence to the R5 stage, then 
the crop is killed by frost. If minimum temperature is 
lower than or equal to −2 ºC for one day or if −2 ºC 
< Tmin < 3 ºC during 4 days in a row during the 
reproductive phase, then the spike is killed by frost. 
Heat injury in PhenoGlad is considered when maximum 
temperature is greater than or equal to 34 ºC during three 
consecutive days during the reproductive phase, causing 
severe burning on sepals. If the maximum temperature 
is higher than 48 ºC, the upper lethal temperature is 
reached and the crop is killed by heat.

In addition to the previous validation of 
PhenoGlad (Uhlmann et al., 2017), other independent 
field experiments were conducted from 2016 to 2018 at 
four different locations across Rio Grande do Sul State 
to evaluate the performance of the PhenoGlad model 
in simulating the developmental stages of gladiola 
(Figure 1B). The experiments were conducted in the 
municipality of Santa Maria, Rio Grande do Sul (latitude: 
29º43’ S, longitude: 53º43’ W and altitude: 95 m). 
Experiments were also conducted at commercial farms 
in Santa Maria (latitude: 29º39’ S, longitude: 53º40’ W 
and altitude: 115 m), Dilermando de Aguiar (latitude: 
29º 2’ S, longitude: 54º12’ W and altitude: 133 m), 
Cachoeira do Sul (latitude: 29º57’ S, longitude: 52º55’ 
W and altitude: 26 m) and Santiago (latitude: 29º18’ S, 
longitude: 54º43’ W and altitude: 409 m), totaling five 
experiments with different cultivars, planting dates and 
locations (Table 1). 

During all field experiments, the date of occurrence 
of vegetative and reproductive developmental stages 
were observed on tagged plants (20 plants per plot) 
according to the phenological scale of gladiola (Schwab 
et al., 2015). The date of developmental stages was 
considered when 50 % of plants had reached the stages. 
The cumulative leaf number (CLN) was counted twice 
a week in Santa Maria, and in the other locations every 

other week, until the final leaf (flag leaf) was visible. 
The reproductive stages observed were heading (R1) 
and blooming (R2 stage, considered the harvest point for 
gladiola) (Schwab et al., 2015).

The model evaluation consisted of running the 
PhenoGlad model starting at planting date for each 
cultivar, location, and planting date. Daily data on the 
weather were obtained from automatic weather stations 
of the Brazilian National Weather Service (INMET) in 
Santa Maria and Santiago. Daily data on the weather 
from Santa Maria were used to run the model in the 
experiments at Dilermando de Aguiar and Cachoeira 
do Sul. The model performance was evaluated with the 
statistics Root Mean Square Error (RMSE), BIAS index 
(Wallach, 2006), index of agreement (dw) (Willmott, 
1981), correlation coefficient (r), and systematic (MSEs) 
and unsystematic (MSEns) errors (Willmott, 1981). Low 
RMSE, zero BIAS, one dw and r, and low systematic and 
high unsystematic error are characteristics of a good 
model.

We compared the DAP (days after planting) until 
the R2 stage simulated using the baseline period and 
weather stations (WS) of the INMET to evaluate the 
ability of the PhenoGlad model to simulate the current 
optimum planting date for harvesting gladiola flowers 
for All Souls’ Day and Mother’s Day, with the baseline 
of the climate scenarios. PhenoGlad was run for 18 
locations of the INMET WS in Rio Grande do Sul and for 
the nearest grid point of the baseline period (1976-2005) 
(Figure 1B). The statistics used to test the difference in 
the duration of developmental cycle of gladiola was the 
same as mentioned above.

Simulations of the optimum planting date
The optimum planting date was simulated for 

each market target day, grid point, maturation group, 
and each CMIP5 climate scenario by running the 
PhenoGlad model for four MG of gladiola (Early, 
Intermediate I, Intermediate II and Late), which vary 

Table 1 – Experiments conducted in southern Brazil with locations, planting dates (mm/dd/yyyy) and Gladiola cultivars used to evaluate the 
PhenoGlad model.

Experiment number Location Planting dates Cultivars

1 Santa Maria 12/02/2016, 07/14/2017, 
11/22/2017

Purple Flora and Peter Pears (only on 12/02/2016), Jester (not in 2016) 
and Rose Friendship (not in 07/14/2017)

2 On Farm, Santa Maria

07/21/2016 Red Beauty, Peter Pears
08/04/2016 Amsterdam
02/17/2017 Gold Field, Jester
02/20/2017 Red Beauty
02/24/2017 Peter Pears, Rose Friendship, Amsterdam
07/17/2017 Jester
07/27/2017 Amsterdam, Peter Pears
02/16/2018 Fidelio, Red Beauty, Rose Supreme, Jester
02/19/2018 Red Beauty, Rose Supreme, Jester

3 On Farm, Dilermando de Aguiar 02/14/2018
Red Beauty, Rose Supreme, Jester, White Goddess (not in Dilermando de 
Aguiar), Fidelio (not in Dilermando de Aguiar)4 On Farm, Cachoeira do Sul 02/15/2018

5 On Farm, Santiago 02/19/2018
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in their developmental cycle from 69 to 121 days for 
early cultivars and from 85 to 148 days for late cultivars. 
For each year and each MG, the optimum planting date 
was simulated in order to have plants with the first three 
florets showing the characteristic color of the cultivar (the 
R2 stage of the phenological scale by Schwab et al., 2015) 
three days before Mother’s Day (second Sunday of May) 
and All Souls’ Day (November 2). The optimum planting 
date in the future period (2070-2098) was presented as 
anomalies calculated from the difference between the 
optimum planting dates in each year in the future period 
and average optimum planting date in the baseline period 
for each grid point and maturation group.

Plant injuries
For each optimum planting date, the occurrence 

of crop damage due to freezing or heat was assessed, 
and the percentage of years with damages for each grid 
point, MG, and climate scenarios was calculated. The 
percentage of years with damage was also presented as 
anomalies (anomalies here are the difference between 
the percentage of years with damage in the future period 
and the percentage of years with damage in the baseline). 
Maps were generated with the Quantum GIS software 
using the inverse distance weighted (IDW) interpolation 
approach for a better view of the spatial distribution of 
anomalies of optimum planting dates and percentage of 
years with damage for all climate scenarios,.

Results

The cumulative leaf number (CLN) simulated by 
the PhenoGlad model were close to the observed data 
collected in the experiments and on the farms (Figure 
2A), with an overall RMSE of 0.8 leaves. Decomposing 
the RMSE into systematic (MSEs) and non-sistematic 

(MSEns) components, the MSEs was 42.3 % and the 
MSEns was 57.7 %. The BIAS index was –0.10 and 
the dw and r were high, 0.98 and 0.97, respectively. 
Simulated versus observed days after planting (DAP) for 
heading (R1 stage) and blooming (R2 stage) had an RMSE 
of 4.3 days and MSEs and MSEns of 0.9 % and 99.1 %, 
respectively (Figure 2B). The BIAS index was close to 
zero, dw was 0.95 and r was 0.91. These results indicate 
a good performance of the PhenoGlad model to simulate 
the cumulative leaf number and the reproductive 
developmental stages, including the harvest point, of 
gladiola in different locations of Rio Grande do Sul State. 

Figure 3 shows a comparison of DAP until 
blooming (R2 stage), simulated with the PhenoGlad 
model using observed meteorological data and the 
baseline period. The RMSE was 2.5 days to harvest 
spikes for Mother’s Day (Figure 3A). The MSEs and 
MSEns was 39.8 % and 60.2 %, respectively. The BIAS 
index was close to zero, and dw and r presented values 
of 0.96 and 0.95, respectively. The RMSE was 5.6 days 
(Figure 3B), the MSEs was 32.7 %, and the MSEns was 
67.3 % to harvest spikes for All Souls’ Day. Similar to 
the comparison to Mother’s Day, the BIAS index close 
to zero and, dw and r were 0.96 and 0.94, respectively. 
This comparison indicates that climate of the baseline is 
similar to current climate in the State.

Simulations of the optimum planting date
The spatial distribution of anomalies of optimum 

planting date to harvest gladiola for All Souls’ Day for 
each climate scenario is shown in Figure 4. For the 
RCP2.6 scenario (Figures 4A, 4D, 4G, 4J), optimum 
planting date anomalies varied from + 5 to + 10 days 
(later planting date compared to the baseline) for most 
Rio Grande do Sul State and, in some regions, the shift 
may reach + 15 days later than today. 

Figure 2 – The simulated versus observed cumulative leaf number (CLN) (A) and the simulated versus observed days after planting (DAP) until 
heading (R1) and blooming (R2) for gladiola in four locations in Rio Grande do Sul State, Brazil (Santa Maria, Dilermando de Aguiar, Cachoeira 
do Sul, and Santiago) (B). Data on all planting dates and cultivars are pooled. The solid line is 1:1 line. RMSE = root mean square error, BIAS = 
BIAS index, dw = index of agreement, r = correlation coefficient, MSEs = percentage of systematic means square error, MSEns = percentage 
of unsystematic mean square error, n = number of observations.
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In the RCP4.5 scenario, the greatest positive 
anomalies occurred in the coldest region in Rio Grande 
do Sul located in the northeastern part of the state, 
indicating greater effect of climate change in these 
regions (Figures 4B, 4E, 4H, 4K). The anomalies of 
planting date may reach + 35 days for Intermediate II 
and Late MG (Figures 4H and 4K). In most Rio Grande 
do Sul State, anomalies range from + 10 to + 15 days 
for early MG, from + 15 to + 20 days for Intermediate 
I and Intermediate II MG, and from + 20 to + 25 days 
for Late MG. In the RCP8.5 scenario, most of the state 
presents positive anomalies from + 20 to + 25 days 
for Early, Intermediate I and II, and + 25 to + 30 in 
Late MG (Figures 4C, 4F, 4I, 4L) and can reach + 55 
days for Late MG in the northeastern region (Figure 4L). 
The trend is that planting date of Late MG needs to be 
delayed more than the Early MG. As the cycle length of 
these cultivars is higher, they are planted at the end of 
winter, when temperatures are lower than the optimum 
temperature. An increase in temperature during these 
colder days affects more the developmental of these 
cultivars thus delaying the planting date. 

The spatial distribution of anomalies of optimum 
planting date to harvest gladiola for Mother’s Day for 
each climatic scenario is shown in Figure 5. For the 
RCP2.6 scenario (Figures 5A, 5D, 5G, 5J), most Rio 
Grande do Sul State presents anomalies of + 5 days 
and warmer regions, such as the northwestern region, 
present negative anomalies of up to - 5 days (earlier 
planting date compared to baseline) for all gladiola 
maturity groups. For scenarios RCP4.5 (Figures 5B, 5E, 
5H, 5K) and RCP8.5 (Figures 5C, 5F, 5I, 5L), most Rio 
Grande do Sul State presents anomalies of + 5 days as 
well as in scenario RCP2.6. However, in RCP8.5 scenario, 
anomalies may reach - 10 to - 15 days in the northwestern 
part of state and + 10 to + 15 days in northeastern 

region (Figure 5L). The temperature increase during the 
summer months affects more the optimum planting date 
of Late MG than Early MG cultivars, as Late MG are 
exposed to environmental conditions during more days.

Plant injuries
During the growing season to harvest for All Souls’ 

Day, the crop was killed by frost in ten grid points of the 
baseline period in all gladiola MG (Early, Intermediate 
I, Intermediate II, and Late) in only one year (data not 
shown). For scenario RCP8.5, the crop was killed by 
heat in ten grid points in all gladiola MG in up to three 
years (data not shown). To harvest spikes for Mother’s 
Day, no spike killed by heat or frost was simulated in the 
three climate scenarios and in the baseline. 

In most Rio Grande do Sul State, the anomaly 
of percentage of years when severe burning of sepals 
occurred in the cultivation for All Souls’ Day reached + 
20 % (20 % more years than the baseline) in scenarios 
RCP2.6 (Figures 6A, 6D, 6G, 6J) and RCP4.5 (Figures 6B, 
6E, 6H, 6K). Some regions showed negative anomalies of 
- 10 % (10 % less years than the baseline). For the Late 
MG in scenario RCP4.5 (Figure 6K), the western region 
of the state showed anomalies of + 50 % of years with 
injuries caused by the heat. The anomalies reached + 70 
% in the west of Rio Grande do Sul for the Late MG in 
the scenario RCP8.5 (Figure 6L) and the other gladiola 
MG reached + 60 % (Figures 6C, 6F, 6I). The lowest 
anomalies were + 10 % and occurred in the South and 
Southeast of the state. 

In the growing season to harvest spikes for Mother’s 
Day, no burning of sepals caused by heat occurred in 
the baseline period and in scenario RCP2.6. In RCP4.5 
and RCP8.5 scenarios, most state showed anomalies of 
+ 10 % and some regions showed anomalies of + 20 % 
(data not shown). 

Figure 3 – Days after planting (DAP) until blooming (R2 stage) for planting aiming harvesting gladiola for (A) Mother’s Day and for (B) All Souls’ 
Day simulated with observed weather data from the Brazilian National Weather Service (INMET) and simulated with the baseline period (1976-
2005) for 18 locations in the Rio Grande do Sul State. Data on all maturity groups of gladiola (Early, Intermediate I, Intermediate II and Late) 
are pooled. The solid line is 1:1 line. RMSE = root mean square error, BIAS = BIAS index, dw = index of agreement, r = correlation coefficient, 
MSEs = percentage of systematic means square error, MSEns = percentage of unsystematic mean square error, n = number of observations.
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Figure 4 – Anomalies in optimum planting date for harvesting gladiola for All Souls’ Day in the Rio Grande do Sul State, Brazil, as simulated with 
the PhenoGlad model for scenarios RCP2.6 (A, D, G and J), RCP4.5 (B, E, H and K) and RCP8.5 (C, F, I and L) for Early (A, B and C), Intermediate 
I (D, E and F), Intermediate II (G, H and I) and Late (J, K and L) maturity groups.

Discussion

Simulations of optimum planting date
A delay in the optimum planting date (positive 

anomalies) to harvest gladiola for All Souls’ Day in 
future climate scenarios is attributed to an increase in 
minimum and maximum temperature in all regions of 
the state (Figures 7 and 8), which leads to an increase 
in developmental rate and a decrease in length of the 
developmental cycle (Adil et al., 2013; Schwab et al., 
2015). Ornamental crops, such as Antirrhinum manus 
L. (Munir et al., 2004; Munir et al., 2015), Celosia 
argentea L. and Impatiens walleriana Hook. F. (Pramuk 
and Runkle, 2005), Brunonia australis and Calandrinia 
sp. (Cave et al., 2013), Salvia splendens and Tagetes 
patula (Moccaldi and Runkle, 2007), Chysanthemum 
morifolium (Larsen and Persson, 1999), 18 species of 
annual bedding plants (Blanchard and Runkle, 2011), 
and Petunia × hybrida (Blanchard et al., 2011) present a 
similar response to rising temperature; however, their 
response was not evaluated in the scenarios of climate 
change. 

The northeastern region (the coolest region) of Rio 
Grande do Sul State had the greatest positive anomalies 
in the planting date, because in future climate scenarios, 
temperatures are closer to the optimum temperature 
for gladiola (27 °C for the vegetative phase and 25 °C 
for the reproductive phase). When average daily air 
temperature is below or above the optimum temperature 
for the crop, the development rate is penalized by the 
nonlinear temperature response function (Uhlmann 
et al., 2017), increasing the cycle duration. In RCP8.5 
scenario, minimum and maximum air temperatures are 
greater (Figures 7 and 8) and exceeded the optimum 
temperature for the crop, leading to the highest positive 
anomalies (+ 55 days) in the optimum planting date in 
this region (Figure 4L). This implies that, in the future, 
farmers should plant gladiola corms almost two months 
later than they currently do. In addition to the effect 
on developmental rate, several studies have reported a 
decrease in quality of ornamental crops with increases 
in temperature, because a faster crop development leads 
to a reduced number of flower buds, smaller flower 
size and less plant biomass (Pramuk and Runkle, 2005; 
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Moccaldi and Runkle, 2007; Blanchard et al., 2011, 
Vaid et al., 2014). In crops, such as soybean (Rio et al., 
2015), potato (Wang et al., 2015b) and wheat (Wang et 
al., 2015a), a shortening in developmental cycle leads to 
a shorter leaf development phase, leading to a smaller 
amount of radiation intercepted and consequently 
decreasing crop yield. An alternative for the negative 
effect of the shortening of the gladiola cycle on growth 
of the plants and on the quality of the flower stems may 
be choosing Late MG cultivars, which have a longer 
developmental cycle. 

In the future climate scenarios used in this study, 
the minimum air temperature is quite high, mainly in the 
western region of the state to harvest spikes for Mother’s 
Day (Figure 7H) when air temperature exceeded the 
optimal temperature for gladiola mainly in the scenario 
RCP8.5. When temperature exceeds the optimum 
level, the developmental rate decreases (Blanchard and 
Runkle, 2011; Cave et al., 2013; Uhlmann et al., 2017), 
resulting in a longer developmental cycle (Schwab et 
al., 2015). In the western region of the state, negative 
anomalies of optimum planting date (earlier planting 

date) to harvest for Mother’s Day (Figures 5C, 5F, 5I, 
5L) can be explained by a greater frequency in above 
optimum temperatures for development, mainly in 
RCP8.5 scenario (Figures 7H and 8H). 

Plant injuries
Crop killed by frost for All Souls’ Day harvest 

occurred only in the baseline in the northern region of the 
state, because the initial development of crop happens 
at the end of winter, when minimum temperatures are 
lower (Figure 7A). The increase in minimum temperature 
observed in the climate scenarios resulted in no crop 
killed by frost in the growing season for All Souls’ Day 
(Figures 7A-E). In the growing season to harvest gladiola 
for Mother’s Day, minimum temperatures are not so 
low because planting is performed at the end of summer 
and most development occurs during fall (Figures 7F-J). 
Therefore, for this growing season, no crop was killed by 
frost. Crop was killed by heat for All Souls’ Day harvest 
only in RCP8.5 period mainly in the northern region of 
the state, because the maximum temperature exceeded 
48 °C (Figure 8A).

Figure 5 – Anomalies in optimum planting date for harvesting gladiola for Mother’s Day in the Rio Grande do Sul State, Brazil, as simulated with 
the PhenoGlad model for scenarios RCP2.6 (A, D, G and J), RCP4.5 (B, E, H and K) and RCP8.5 (C, F, I and L) for Early (A, B and C), Intermediate 
I (D, E and F), Intermediate II (G, H and I) and Late (J, K and L) maturity groups.
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The risk of injuries on florets caused by heat was 
more intense in the growing season to harvest for All 
Souls’ Day than for Mother’s Day, mainly in RCP8.5 
scenario in the warmest regions (north and west) (Figures 
6C, 6F, 6I, 6L). This happened because of the high 
maximum temperature in these regions (Figures 8A and 
8C) at the end of the growing season (when plants are 
in the reproductive phase), whereas for Mother’s Day, 
injuries are less frequent (Figures 8F to 8J). The regions 
South (Figure 8B), Center (Figure8D) and East (Figure 
8E) present mild maximum temperatures, therefore, 
the risk of injuries is lower. The RCP8.5 scenario was 
also the most damaging to winter wheat in Australia, 
because of the lower frequency of cold days that affects 
vernalization (Wang et al., 2015a).

The production of gladiola to sell on All Souls’ 
Day is more affected by climate change than on 
Mother’s Day. Although there is a reduction in the 

occurrence of crop killed by frost, in scenario RCP8.5, 
there was occurrence of crop killed by heat (data not 
shown). The southern and eastern regions were more 
favored in scenario RCP8.5 due to less occurrence 
of injuries caused by heat (Figure 6). These injuries 
reduce the quality of floral stems thus decreasing their 
market value. 

Practical implications of this study
The results of this study have practical 

applications for strategies in southern Brazil under 
future climate scenarios. One application is a shift of 
current planting date of gladiola to meet the demand 
in consumption peaks in future climate scenarios. In 
order to sell gladiola on All Souls’ Day, and considering 
the more optimist scenario RCP2.6, most farmers of 
the state need to carry out the planting between 5 
and 10 days later than they currently do. In RCP4.5 

Figure 6 – Anomaly of the percentage of years that occurred heat injury in the growing season for harvesting gladiola for All Souls’ Day in the Rio 
Grande do Sul State, Brazil, as simulated with the PhenoGlad model for scenarios RCP2.6 (A, D, G and J), RCP4.5 (B, E, H and K) and RCP8.5 
(C, F, I and L) for Early (A, B and C), Intermediate I (D, E and F), Intermediate II (G, H and I) and Late (J, K and L) maturity groups.
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scenario, in most state, planting needs to be carried 
out up to 25 days later (Late MG). In RCP8.5 scenario, 
planting should be carried out about 55 days later 
in the northeastern region of the state, which has 
the highest altitude and the coldest temperatures in 
current climate. If farmers do not adjust the planting 
date, gladiola flower stems become ready for harvest 
way before the date of sale. 

Another application of this study is that future 
temperatures are more harmful to florets, decreasing 
spikes quality, mainly in the growing season for harvest 
for All Souls’ Day. Therefore, these results highlight 
the importance of research about the effect of shading 
screens on reducing damage from high temperatures on 
gladiola flower stems. The use of screens reduced the 
occurrence of sunburned peppers during the summer 

months in southern Spain (López-Marin et al., 2011). 
Another strategy may come from breeding programs, 
which should focus on developing gladiola cultivars 
more tolerant to high temperatures. 

The results of this study have practical applications 
for strategies in southern Brazil, mainly to enable the 
production of gladiola by small farmers and ensure 
access to flowers produced locally. Gladiola producers 
from major producing countries, such as Bulgaria, the 
United States, and India, have studied the impact of 
climate change on agricultural crops, but not on gladiola 
(Alexandrov and Hoogenbom, 2000; Fei et al., 2017; 
Srivastava et al., 2010). Therefore, effects of climate 
change on gladiola demonstrated in this study and the 
strategies to mitigate these effects are also relevant 
information to these countries. 

Figure 7 – Minimum temperature in CMIP5 climate scenarios during the growing season for harvesting gladiola for All Souls’ Day (panels: A, B, 
C, D, E) and for Mother’s Day (panels: F, G, H, I, J) for five grid points located in different regions of the Rio Grande do Sul State, Brazil: North 
= 27º42’ S; 53º15’ W; South = 33º22’ S, 53º15’ W; West = 30º08’ S; 57º18’ W, Center: 30º08’ S; 54º03’ W, and East: 30º08’ S; 50º00’ W. 
The dotted line indicates the threshold temperature of -2 °C in which crop is killed by frost.

Figure 8 – Maximum temperature in the CMIP5 climate scenarios during the reproductive phase for harvesting gladiola for All Souls’ Day (panels: 
A, B, C, D, E) and for Mother’s Day (panels: F, G, H, I, J) for five grid points located in different regions of the Rio Grande do Sul State, Brazil: 
North = 27º42’ S; 53º15’ W, South = 33º22’ S; 53º15’ W, West = 30º08’ S; 57º18’ W, Center: 30º08’ S; 54º03’ W, and East: 30º08’ S; 50º00’ 
W. The dotted line indicates the threshold temperature of 34 °C that causes severe burning of sepals.
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Conclusions

Flowering time of gladiola is strongly driven by 
temperature. Therefore, a shift in planting date in the 
Rio Grande do Sul State to meet demands of marketable 
days may occur in scenarios of future climate change. 
Our simulations suggest a delay in planting date of 
gladiola to harvest for All Souls’ Day in future climate 
scenarios of up to 55 days in RCP8.5 scenario for the 
coldest region of the state. To harvest for Mother’s Day, 
negative anomalies (earliest planting date) occurred in 
the warmest regions because temperatures exceeded the 
optimum temperature, decreasing the developmental 
rate of gladiola. Gladiola flower quality may also be 
affected by climate change due to heat stress and injury. 
Mitigation strategies for farmers to deal with climate 
change and keep their gladiola production in southern 
Brazil include adapting the optimum planting date.
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