
P R IMA R Y R E S E A R CH A R T I C L E

Thermal buffering capacity of the germination phenotype
across the environmental envelope of the Cactaceae

Charlotte E. Seal1 | Matthew I. Daws1 | Joel Flores2 | Pablo Ortega-Baes3 |

Guadalupe Gal�ındez4 | Pedro Le�on-Lobos5 | Ana Sandoval5 | Aldo Ceroni Stuva6 |

Natali Ram�ırez Bull�on6 | Patricia D�avila-Aranda7 | Cesar A. Ordo~nez-Salanueva7 |

Laura Y�a~nez-Espinosa8 | Tiziana Ulian9 | Cecilia Amosso10 | Lino Zubani10 |

Alberto Torres Bilbao11 | Hugh W. Pritchard1

1Department of Comparative Plant and Fungal Biology, Royal Botanic Gardens, Kew, Ardingly, UK

2Divisi�on de Ciencias Ambientales, Instituto Potosino de Investigaci�on Cient�ıfica y Tecnol�ogica, San Luis Potos�ı, M�exico

3Laboratorio de Investigaciones Bot�anicas (LABIBO)-CONICET, Facultad de Ciencias Naturales, Universidad Nacional de Salta, Salta, Argentina

4Banco Base de Germoplasma del NOA, EEA Salta-INTA, Salta, Argentina

5Banco Base de Semillas, Instituto de Investigaciones Agropecuarias, INIA, Vicu~na, Chile

6Jard�ın Bot�anico “Octavio Velarde N�u~nez”, Universidad Nacional Agraria La Molina, Lima, Per�u

7Facultad de Estudios Superiores-Iztacala, Universidad Nacional Aut�onoma de M�exico, Thalnepantla, M�exico

8Instituto de Investigaci�on de Zonas Des�erticas, Universidad Aut�onoma de San Luis Potos�ı, San Luis Potos�ı, M�exico

9Department of Natural Capital & Plant Health, Royal Botanic Gardens, Kew, Ardingly, UK

10Dipartimento di Scienze della Terra e dell’ Ambiente, Universit�a degli Studi di Pavia, Pavia, Italy

11Empresa Nacional para la Protecci�on de la Flora y la Fauna, Banda Placetas, Santa Clara, Cuba

Correspondence

Charlotte E. Seal, Department of

Comparative Plant and Fungal Biology, Royal

Botanic Gardens, Kew, Ardingly, UK.

Email: c.seal@kew.org

Funding information

Millennium Seed Bank Enhancement Project,

UK; Arcadia Foundation

Abstract

Recruitment from seeds is among the most vulnerable stage for plants as global

temperatures change. While germination is the means by which the vast majority of

the world’s flora regenerate naturally, a framework for accurately predicting which

species are at greatest risk of germination failure during environmental perturbation

is lacking. Taking a physiological approach, we assess how one family, the Cac-

taceae, may respond to global temperature change based on the thermal buffering

capacity of the germination phenotype. We selected 55 cactus species from the

Americas, all geo-referenced seed collections, reflecting the broad environmental

envelope of the family across 70° of latitude and 3700 m of altitude. We then gen-

erated empirical data of the thermal germination response from which we estimated

the minimum (Tb), optimum (To) and ceiling (Tc) temperature for germination and the

thermal time (h50) for each species based on the linearity of germination rate with

temperature. Species with the highest Tb and lowest Tc germinated fastest, and the

interspecific sensitivity of the germination rate to temperature, as assessed through

h50, varied tenfold. A left-skewed asymmetry in the germination rate with tempera-

ture was relatively common but the unimodal pattern typical of crop species failed

for nearly half of the species due to insensitivity to temperature change at To. For

32 fully characterized species, seed thermal parameters correlated strongly with the
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mean temperature of the wettest quarter of the seed collection sites. By projecting

the mean temperature of the wettest quarter under two climate change scenarios,

we predict under the least conservative scenario (+3.7°C) that 25% of cactus spe-

cies will have reduced germination performance, whilst the remainder will have an

efficiency gain, by the end of the 21st century.
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1 | INTRODUCTION

With the urgent need to understand the impact of climate change

on species biodiversity, mechanistic approaches, which relate the

environment with physiological responses and functional limitations,

are critical in assessing how well species cope with environmental

perturbation (Buckley et al., 2010; Pacifici et al., 2015; Tomlinson

et al., 2014). Fitness traits which rely on temperature as an environ-

mental cue or are thermal dependent, such as seed germination, are

particularly at risk of being negatively impacted from global tempera-

ture change (Walck, Hidayati, Dixon, Thompson, & Poschlod, 2011).

The vast majority of the world’s flora relies on seed germination for

natural regeneration, and variation in seed germination rate has

important downstream consequences on seedling performance, such

as emergence timing, and on later stages of the plant life cycle, such

as seed yield (Finch-Savage, 1995). Yet surprisingly, the sensitivity of

germination to global temperature change has been quantified for

only about 0.1% of species (D€urr, Dickie, Yang, & Pritchard, 2015),

including crop species such as pearl millet (Garcia-Huidobro, Mon-

teith, & Squire, 1982) and chickpea (Ellis, Covell, Roberts, & Summer-

field, 1986), and wild species from Europe (alpine species, Mondoni,

Rossi, Orsenigo, & Probert, 2012; Vitis vinifera, Orr�u, Mattana,

Pritchard, & Bacchetta, 2012; Carex diandra, Fern�andez-Pascual, Seal,

& Pritchard, 2015), Australia (40 species of Banksia, Cochrane, 2015),

Africa (Colophospermum mopane, Stevens, Seal, Archibald, & Bond,

2014) and Mexico (Polaskia chende and P. chichipe, Ordo~nez-Sala-

nueva et al., 2015).

The thermal germination range can be quantified through the

proportion of seeds within a seed population which germinate, usu-

ally spanning a wide temperature range with a curvilinear response

to temperature (Garcia-Huidobro et al., 1982). In contrast, the germi-

nation rate, a measure of seed vigour, has a linear relationship to

temperature which can be exploited to define cardinal temperatures

for germination (minimum or base temperature, Tb; optimum temper-

ature, To; and maximum or ceiling temperature, Tc) for the nondor-

mant seed fraction under conditions of unlimited water availability

(Covell, Ellis, Roberts, & Summerfield, 1986; Ellis et al., 1986; Garcia-

Huidobro et al., 1982), reflecting germination capability during the

rainy season. The reciprocal of the linear regressions at temperatures

between To–Tb and Tc–To characterizes the thermal times (degree-

days or –hours; h) for germination in the suboptimal and

supraoptimal range, respectively (Covell et al., 1986; Ellis et al.,

1986; Garcia-Huidobro et al., 1982), and are measures of how sensi-

tive or responsive germination is to environmental temperature

change. Thermal time modelling of germination was initially devel-

oped on crop species (Covell et al., 1986; Ellis et al., 1986; Garcia-

Huidobro et al., 1982), and subsequently extended to wild species.

Through both intra- and interspecific comparisons of species’

responses to ex situ and in situ environments, insights have been

gained of the spatial and temporal components of emergence, with

apparent universal applicability across habitats and lifeforms (D€urr

et al., 2015; Orr�u et al., 2012; Porceddu, Mattana, Pritchard, & Bac-

chetta, 2013; Pritchard, Steadman, Nash, & Jones, 1999; Steadman

& Pritchard, 2004). Recently, thermal time modelling has been

applied to a limited number of species to predict and validate germi-

nation performance under various climate change scenarios (Fern�an-

dez-Pascual et al., 2015; Ordo~nez-Salanueva et al., 2015; Orr�u et al.,

2012).

With the development of global data repositories, meta-analysis

has revealed that up to 98% of plant trait variance at a global scale

occurs at the interspecific level (Kattge et al., 2011). Yet there is still

a lack of interspecific comparisons using common germination

descriptors that are mechanistic, linking function to environment and

providing a framework for assessing the impact of climate change.

Critically, such studies appear to be lacking for species considered at

high risk of extinction. Here, we provide the first assessment of how

one taxonomic plant family, the Cactaceae, may cope with changes

in global temperature at the germination stage. We chose the Cac-

taceae as they are key components of diverse habitats, ranging from

arid deserts, to occasionally, tropical rainforests (Hunt, Taylor, &

Charles, 2006; Ortega-Baes et al., 2010), and are of high socioeco-

nomic interest for food, medicine, building materials and ornaments

(Anderson, 2001). Small changes in climate are predicted to dramati-

cally restrict the distribution of cactus plants (T�ellez-Vald�es & D�avila-

Aranda, 2003) and impact on key processes such as flowering phe-

nology (Bustamante & B�urquez, 2008). Many cactus species are

already of high conservation concern (IUCN, 2016) and more are

predicted to face extinction in the near future (Goettsch et al.,

2015). While the temperature dependency of the maximum germina-

tion potential is known for many cacti (for review see Rojas-Ar�echiga

& V�azquez-Yanes, 2000), germination rate and thermal time investi-

gations are limited to c. 10 species (D€urr et al., 2015; Ortega-Baes
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et al., 2011; Sim~ao, Takaki, & Cardoso, 2010) and rarely address

future germination performance (Ordo~nez-Salanueva et al., 2015).

Moreover, these species occupy narrow environmental niches com-

pared with the totality of environmental envelopes across the family.

To assess the thermal buffering capacity and consequent risk of

cactus seed germination to climate change, we first generated empir-

ical data of the thermal germination response of 55 cactus species

(Table S1) across latitudinal (spanning 70°) and altitudinal (spanning

3700 m) gradients, covering the full distributional range of the family

in the Americas. We used a thermal time model approach to quantify

the cardinal temperatures and sub- and supraoptimal thermal time,

evaluating the extent of plasticity in the germination phenotype to

reveal broad trends in performance across the family. We then con-

sidered associations between the phenotype and the environment of

the seed collection site. These thermal descriptors enabled a projec-

tion of the impact of global warming on cactus seed germination,

predicting the proportion of cactus species that will have germina-

tion that is negatively affected during the 21st Century.

2 | MATERIALS AND METHODS

2.1 | Seed material

Mature seeds of 55 cactus species, from 36 genera, were collected

from sites in Argentina, Chile, Dominican Republic, Mexico, Peru and

USA, spanning an area of 38.49° to �31.93° latitude and 10 to

3710 m a.s.l. (Table S1). Seeds of Echinopsis atacamensis were col-

lected from sites in both Argentina (lot 1; Species 17a) and Chile (lot

2; Species 17b). Three subspecies of Echinopsis chiloensis (ssp.

chiloensis [Species 18a], ssp. litoralis [Species 18b] and ssp. skotts-

bergii [Species 18c]) were also collected. Thus in total, there were 58

seed lots or 55 species. After arrival at the Royal Botanic Gardens,

Kew, UK, seeds were stored at 15% RH and at 15°C for up to four

weeks, or longer term dry at �20°C (in hermetically sealed screw

cap vials) to maintain seed quality.

2.2 | Germination protocol

For each seed lot, three replicates of 25 seeds were sown onto the

surface of 1% agar-water in Petri dishes. Seeds were germinated at

14 constant temperatures using a thermal gradient plate (Grant

Instruments, Cambridge, UK) which established a temperature gradi-

ent of c. 10–45°C at c. 2.5°C intervals. A 12 hr photoperiod was

used (white light with photon flux density of 50 W/m2). For Espos-

toa melanostele (Species 25), Haageocereus acranthus (Species 31)

and Mila caespitosa (Species 41), seed numbers were limited and so

germination was performed at seven constant temperatures between

10–40°C. The temperature of each Petri dish was calculated using

five temperature probes placed at each corner and in the centre of

the thermal gradient plate, set to record every 10 min for the dura-

tion of each study. Germination was scored every 24 hr for at least

four weeks until no further germination was observed. Germination

was defined as radicle emergence by 2 mm.

2.3 | Germination data modelling

Cumulative germination curves were plotted for each temperature

regime (777 curves in total) and the time (t) taken to reach 50% of

the final proportion of germinated seeds at each temperature was

estimated (t50) (Grundy, Phelps, Reader, & Burston, 2000). The recip-

rocal (1/t50) was plotted against the temperature which gives a uni-

modal response with a linear rise and fall (Figure 1a) (Garcia-

Huidobro et al., 1982). The sub- and supraoptimal germination tem-

perature ranges were identified by visual inspection of the germina-

tion rate plots. A linear regression was performed (Origin 6.1;

OriginLab Corporation, MA, USA) to calculate the x-intercept of both

the sub- and supraoptimal temperature ranges, giving estimates of

the base temperature (Tb), at which 1/t50 is estimated to be zero,

and the ceiling temperature (Tc), above which 1/t50 is equal to zero

(Garcia-Huidobro et al., 1982). The intercept of the sub- and

supraoptimal temperatures linear regression lines was used to esti-

mate the optimum temperature (To). Where the maximum germina-

tion rate was represented by more than one but similar data points

(to 2 decimal places), the points corresponding to the lowest and

highest temperature were included in the sub- and supraoptimal

temperature regressions respectively, and all data points for the

maximal rate were used to estimate the optimal temperature range

(Figure 1b). The thermal time to achieve 50% germination (degree

days; h50) was taken from the reciprocal of the slope of the subopti-

mal and supraoptimal temperature regression lines (Garcia-Huidobro

et al., 1982; Ortega-Baes et al., 2011; Pritchard & Manger, 1990).

2.4 | Relating the environment to the germination
response

Climate data were obtained from WORLDCLIM 1.4 (release 3) based

on the GIS coordinates of the seed collection site, at a resolution of

30 arc-seconds for the period 1950–2000 (Hijmans, Cameron, Parra,

Jones, & Jarvis, 2005). The climate data were analysed according to

the 19 bioclimatic (BioClim) parameter definitions which represent

annual parameters (e.g. mean annual temperature), seasonality (e.g.

annual range of temperature) and extreme events (e.g. mean temper-

ature of the wettest quarter) (Hijmans et al., 2005).

A stepwise multiple regression was performed on the germina-

tion cardinal temperatures and suboptimal h50, and latitude, altitude

and the 19 Bioclim parameters related to temperature and precipita-

tion (Hijmans et al., 2005). Alternating forward selection and back-

wards elimination steps of term selection were used in SAS for

Windows V8 (SAS institute, Cary, NC, USA) and models were con-

sidered significant at the level of p < .05.

We then estimated the germination performance of 32 species

(or 33 seed lots, where significant cardinal temperatures could be

estimated) under two theoretical global climate change scenarios,

RCP2.6 (+1.0°C) and the more likely scenario RCP8.5 (+3.7°C) (IPCC,

2014), using the mean temperature of the wettest quarter of the

year which the stepwise multiple regression revealed as being most

closely associated with the germination behaviour (see Results).
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Current and future environmental temperatures were calculated by

taking the mean temperature of the wettest quarter projected from

the global mean surface temperature changes of the RCP2.6

(+1.0°C) and RCP8.5 (+3.7°C) climate change scenarios (IPCC, 2014).

For each species, these values were compared with estimates of To,

or the upper limit of the To temperature range where applicable, to

evaluate whether the environmental temperature will exceed To and

more widely if the environmental temperature falls within the sub-

or supraoptimal temperature range. We also predicted how germina-

tion timing (i.e. the number of days to achieve 50% germination)

might change under the two climate change scenarios using esti-

mated values of both sub- and supraoptimal h50.

2.5 | Additional statistics

Seed quality was assessed by performing a linear regression between

the temperature range to achieve 50% of maximal germination plot-

ted against maximal germination. A two-sampled t test was used to

evaluate differences in the To-singular and To-multiple groupings

with regard to the cardinal temperatures and the environmental

explanatory variables (19 BioClim parameters, altitude and latitude).

These analyses were performed in Origin 9.0 (OriginLab Corporation,

MA, USA).

3 | RESULTS

3.1 | Seed quality

The majority of the 55 species (58 seed lots), of which 26 species

are recognized as a conservation risk (Table S1), were of high viabil-

ity with the median maximal germination of 89.3%, and a 25–75 per-

centile of 63.4 to 97.3%. There was no significant correlation

between the temperature range to achieve 50% of maximal germina-

tion and the maximal germination (r = .26; p = .07).

3.2 | Thermal germination traits

The thermal time approach provided significant (p < .05) estimates

of Tb for all species, except Cylindropuntia imbricata (Species 10), and

explained over 80% of the variation in the germination rate for 55

seed lots (representing 52 species; Table S2). The median Tb was

10.6°C and the 25–75 percentile was between 8.4°C and 12.1°C

(Figure 2). The supraoptimal range was more difficult to model, with

only two data points available for six species and no data points for

Obregonia denegri (Species 45) which was projected to germinate

well above the maximum temperature limits of the thermal gradient

plate. In 29 of the 33 seed lots (representing 28 out of 32 species)

with significant models (p < .05) and more than two data points

(Table S2), over 80% of the variation in the germination rate was

accounted for. Estimates of Tc were found to have a median of

41.8°C and a 25–75 percentile value of 39.6°C to 44.9°C (Figure 2).

Significant estimates of To (33 seed lots, representing 32 species),

calculated from the intercept of the sub- and supraoptimal

F IGURE 1 Cardinal temperatures were estimated using the
reciprocal of the time taken to reach 50% of the maximum
germination (1/t50). (a) Following the principles of a thermal time
model approach, 1/t50 was plotted against the germination
temperature to produce a linear model identifying the base
temperature (Tb), ceiling temperature (Tc) and one temperature as
the optimum temperature (To). The thermal time for 50%
germination to occur (degree days; h50) was estimated from the
reciprocal of the slope of the suboptimal and supraoptimal
temperature regression lines. Data points are shown for Echinopsis
chiloensis ssp. litoralis (Species 18b). (b) For some species, plotting
1/t50 against the germination temperature gave a model with
multiple values of To. Data points are shown for Echinopsis chiloensis
ssp. chiloensis (Species 18a)

F IGURE 2 Estimated cardinal temperatures for the seed
germination of 55 cactus species. Significant values of Tb (n = 57
seed lots, representing 54 species), To (n = 33 seed lots,
representing 32 species) and Tc (n = 33 seed lots, representing 32
species) are shown. Boxes represent the 25th to 75th percentiles
(median shown as the solid line), with the 5th and 95th percentiles
represented by the whiskers and outliers as closed circles
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temperature linear regression lines, were found to have a median

value of 26.9°C and a 25–75 percentile range of 25.8°C to 29.0°C

(Figure 2).

We made several observations from these analyses. Firstly, the

graphs of 1/t50 plotted against temperature were not always sym-

metrical. For 32 species (33 seed lots) where both sub- and supraop-

timal h50 could be significantly estimated, 19 species (20 seed lots)

had a longer suboptimal h50 than supraoptimal h50, 11 species had a

shorter suboptimal h50 than supraoptimal h50 and only two species

were symmetrical (Fig. S1). Secondly, we observed that for 54 spe-

cies the suboptimal h50 was negatively correlated with Tb and for 32

species the supraoptimal h50 was negatively correlated with Tc (Fig-

ure 3).

The most striking difference in germination behaviour among

species related to To. For 30 species (including Echinopsis chiloensis

ssp. litoralis [Species 18b]), To was identified at only one temperature

as the germination rate was responsive to all temperature changes

and decreased at temperatures above To (“To-singular”; Figure 1a;

Table S2). However, for 26 species (including Echinopsis chiloensis

ssp. chiloensis [Species 18a] and ssp. skottsbergii [Species 18c]), the

maximal germination rate extended over a range of temperatures up

to 8°C (‘To-multiple’; Figure 1b; Table S2). We found that To-singular

species had a lower Tb, higher Tc and therefore a wider Tc–Tb differ-

ential than To-multiple species, but To was not significantly different

between the two groups (Table 1). As all seed collections had

accompanying GIS coordinates, we accessed climate data from

WORLDCLIM 1.4 and tested the 19 BioClim parameter definitions

(Hijmans et al., 2005) along with altitude and latitude as explanatory

variables for the two groupings. A two-sampled t test revealed there

were no significant differences in any of the parameters between

the two groups (p > .05).

3.3 | Germination phenotype and the environment

To position germination sensitivity to temperature into context

under both current and future environments, we performed a step-

wise multiple regression to examine any association between the

germination parameters (Tb, To, Tc and suboptimal h50) and the envi-

ronment of the seed collection site [BioClim parameters (Hijmans

et al., 2005), latitude and altitude] (Tables 2, S1, S2). The mean tem-

perature of the wettest quarter of the year explained significant vari-

ation in germination performance in the suboptimal temperature

range, including To (p < .01). At the macro-environmental scale, we

found no effect (p > .05) of seed germination response altering sys-

tematically along altitudinal gradients and only a weak association

with latitude.

We then estimated the germination performance of 32 species

under current and two theoretical global climate change scenarios

using the mean temperature of the wettest quarter (Figure 4). At

current values, the mean temperature of the wettest quarter is

within the suboptimal temperature range for all but three species

(Copiapoa cinerea [Species 6], Echinocereus stramineus [Species 14]

and Ferocactus cylindraceus [Species 26]; Figure 4a). We identified

five species (Consolea moniliformis [Species 5], Copiapoa cinerea [Spe-

cies 6], Echinocereus stramineus [Species 14], Ferocactus cylindraceus

[Species 26] and Hylocereus undatus [Species 34]) where an increase

of 1.0°C will have a negative impact on germination rate as the envi-

ronmental temperature will exceed To (Figure 4a). With an increase

of 3.7°C, eight species (Consolea moniliformis [Species 5], Copiapoa

cinerea [Species 6], Echinocereus stramineus [Species 14], Ferocactus

cylindraceus [Species 26], Harrisia gracilis [Species 33], Hylocereus

undatus [Species 34], Leptocereus paniculatus [Species 35] and Steno-

cereus fimbriatus [Species 53]) were identified to have reduced ger-

mination performance (Figure 4a). Using the estimated values of

sub- and supraoptimal h50 to see how germination timing might

change, 27 and 24 species will have faster germination under +1.0°C

and +3.7°C climate change scenarios, respectively (Figure 4b). For

most species, an increase of 3.7°C shortens the time to achieve 50%

germination by a few days but for three species germination is esti-

mated to occur over 30 days faster (Corryocactus brevistylus [Species

F IGURE 3 Linear relationship between the suboptimal thermal
time (h50) and Tb, and the supraoptimal h50 and Tc. The respective
equations of the linear regressions are y = 203.157�10.955x (r =

�0.715, P < 0.0001, n = 57 seed lots (representing 54 species)), and
y = 577.399�15.799x (r = �0.814, P < 0.0001, n = 33 seed lots
(representing 32 species)). Estimates of Tb, Tc and h50 were
calculated from plotting 1/t50 against the germination temperature
as described in Figure 1

TABLE 1 Comparison of cardinal temperatures between the To-
multiple and To-singular species

Cardinal
temperature To-multiple To-singular

Two-sample t test

p value t value n

Tb 11.1 � 2.6 9.1 � 4.3 0.045 2.050 57

To 27.8 � 1.8 26.8 � 4.0 0.413 0.831 33

Tc 39.9 � 1.3 44.6 � 4.8 0.002 �3.302 33

Tc–Tb range 28.9 � 1.9 35.0 � 8.9 0.025 �2.353 33

Cardinal temperature values are means (� SD). n, Number of data points.
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7], Echinopsis schickendantzii [Species 19] and Maihueniopsis glomer-

ata [Species 36]). Consolea moniliformis [Species 5] will see the lar-

gest predicted increase in germination time from 12.9 days to

34.9 days under the +3.7°C scenario.

4 | DISCUSSION

Interspecies comparisons of seed germination from across the envi-

ronmental envelope of cacti in the Americas have revealed several

TABLE 2 Standardized regression coefficients to predict germination from environmental parameters using stepwise multiple regression.
Variables contributing to each significant model are shown with standardized regression coefficients and the coefficient of partial
determination in parentheses

Environmental parametersa Tb (�C) To (�C) Tc (�C) Suboptimal h50 (�Cd)

Latitude (°) 0.457** (0.209)

Mean temperature of wettest quarter 0.495***(0.371) �0.386** (0.249)

Precipitation of wettest quarter �0.335* (0.099) �0.349** (0.122)

Precipitation of warmest quarter 0.269* (0.059)

Intercept 2.685 49.935 26.953 122.396

R2 of total model 0.431*** 0.348** 0.209** 0.122**

Coefficient of variation 36.358 10.552 12.202 60.628

aLatitude, altitude and 19 BioClim parameters (annual mean temperature, mean monthly temperature range, isothermality, temperature seasonality, max-

imum temperature of the warmest month, minimum temperature of the coldest month, temperature annual range, mean temperature of the wettest

quarter, mean temperature of the driest quarter, mean temperature of the warmest quarter, mean temperature of the coldest quarter, annual precipita-

tion, precipitation of the wettest month, precipitation of the driest month, precipitation seasonality, precipitation of the wettest quarter, precipitation of

the driest quarter, precipitation of the warmest quarter, precipitation of the coldest quarter) as described by Hijmans et al. (2005) were considered in

the analysis.

*p < .05, **p < .01, ***p < .0001.

F IGURE 4 Germination performance under current and future climates. Environmental temperature, taken as the mean temperature of the
wettest quarter, was projected according to the RCP2.6 (+1.0 °C) and RCP8.5 (+3.7 °C) scenarios. (a) Predictions were made by comparing To
(line) with projected environmental temperature values at the collection site (significant estimates of To only, n = 33 seed lots (representing 32
species)). Where the environmental temperature exceeds To, a negative impact on germination rate is predicted. (b) The period (logarithmic
scale) required to achieve 50% germination for the species in (a) under the different environmental temperature projections. Species are
numbered as described in Table S1
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common thermal descriptors of germination that relate to the envi-

ronment of the seed collection site, enabling an overview of the risk

that cactus seed germination may face as global temperature

changes. To is a critical threshold for germination, defining the tem-

perature of the maximum germination rate, above and below which

the germination rate is negatively affected. Exceptional thermal ger-

mination resilience was identified in 26 species by the extension of

the maximal germination rate (To) up to an 8°C range. Broad similari-

ties in the To range of 2–8°C are to the 3–12°C plateau estimated

for two cultivars of ryegrass (Zhang, McGill, Irving, Kemp, & Zhou,

2013). Moreover, a curvature of the To–Tc response, rather than a

strict plateau at To, was observed but not quantified in 28 crops/

weeds and two wild species (Watt & Bloomberg, 2012) and quanti-

fied over a 5°C range for tomato (Labouriau & Osborn, 1984). The

remaining 30 cactus species (To-singular) follow classical threshold

modelling that typically describes a germination rate that is respon-

sive to temperature change at To (e.g. Ellis et al., 1986; Garcia-Hui-

dobro et al., 1982). To our knowledge, two distinct groupings based

on the To of wild species have not been described within a taxo-

nomic family.

The buffering effect of the To plateau on germination rate

change represents a form of ecological resilience to environmental

temperature perturbation for all To-multiple species. However, To-

singular species are not necessarily more at risk as these species

were able to germinate over a wider temperature range than the To-

multiple species (Table 1). The widest range of 61°C was achieved

by a To-singular species (Maihueniopsis glomerata [Species 36]), in

contrast to the widest range of the To-multiple species of 33°C

(Echinopsis chiloensis ssp. chiloensis [Species 18a]; Table S2). We

found no environmental parameter that explains the grouping of the

species by responsiveness to temperature at To. Any underlying tax-

onomic basis is unlikely as the To-multiple group included the genera

Mammillaria, Coryphantha and Ferocactus, all of which have under-

gone a major diversification event (V�azquez-S�anchez, Terrazas, Arias,

& Ochoterena, 2013). Unpredictability in this thermal resilience trait

highlights the necessity to identify where environmental tempera-

tures fall within the thermal germination range in order to fully

assess the germination risk.

The mean temperature of the wettest quarter of the year was

identified as the most significant climatic variable associated with

the thermal germination descriptors, consistent with intra- and inter-

specific studies which have also correlated mean climatic variables to

the developmental responses of seeds and plants (Daws, Garwood,

& Pritchard, 2006; Daws et al., 2004; Moles et al., 2014). By com-

paring To with the mean temperature of the wettest quarter, we

identified 29 species as currently germinating within their suboptimal

temperature ranges (Figure 4a). Of these, 17 species have a longer

suboptimal h50 than supraoptimal h50 (Fig. S1), the same left-skewed,

asymmetrical response of thermal fitness traits to body temperature

typical of many nonplant ectotherms (Martin & Huey, 2008). For

these species, a germination rate which is less responsive to temper-

ature change below To than above it, mitigates any immediate threat

from environmental temperature change. The strategy in Consolea

moniliformis [Species 5] appears to be different, such that the current

environmental temperature is buffered within the extended To range

(Figure 4a).

Inevitably, continuing environmental temperature increase will

force germination above To into the supraoptimal temperature range,

with a progressive negative impact of slowed germination due to

thermal stress. This is demonstrated for Echinocereus stramineus

[Species 14] and Ferocactus cylindraceus [Species 26], which as To-

singular species do not have an extension of To and as a conse-

quence, are presumed to currently operate within the supraoptimal

temperature range. Under the two climate change scenarios (IPCC,

2014), an additional six species will follow. Nonetheless, it is a posi-

tive finding of our research that Cactaceae species overall are pre-

dicted to germinate to some extent under the two climate scenarios

as Tc was not exceeded by the environmental temperature of the

seed collecting sites.

The remaining 24 cactus species are predicted to germinate fas-

ter throughout the 21st Century as the temperature of the wettest

quarter will remain within the suboptimal temperature range (Fig-

ure 4b). For an exceptional few, this efficiency gain could be large

(e.g. Maihueniopsis glomerata [Species 36]) which may change signifi-

cantly the seasonality of germination, but for the vast majority, ger-

mination will be up to 10 days faster than currently. Critically, if

rainfall is not continuously present, fewer seeds will germinate and

the germination response of the seed population will become

increasingly spread over time. Changes to the timing of germination

will impact upon germination synchronization, seedling establishment

and niche competitiveness, with ramifications at the population and

community level (Yang & Rudolf, 2010).

Other important descriptors of germination behaviour were

observed through the tight coupling of Tb and suboptimal h50. Eco-

logically, this is an effective strategy to increase the odds of seedling

survival, inferring slower germination in cold environments (Table 2)

that might counteract the risk of late frosts or chilling excursions,

and faster germination in hot environments (Table 2) that could ame-

liorate the risk of drought. With a decrease in h50 by 11.0°C d for

every 1°C increase in Tb, perennial cacti are more similar in thermal

responsiveness to the seeds of tropical trees (c. 17°C d; D€urr et al.,

2015) than crops and herbs (c. 3.0°C d; Trudgill, Squire, & Thomp-

son, 2000; D€urr et al., 2015). For the first time, we also suggest that

the tight coupling of Tc and supraoptimal h50 may reduce the risk of

cumulative heat stress. These strategies complement the habitat

preferences of many cacti which rely on the buffering of environ-

mental extremes by nurse plants or seed location in rock cavities to

provide a microclimate of stable temperature, reducing direct sun-

light and improving water availability for successful seedling estab-

lishment (Flores & Jurado, 2003).

With cacti identified as the fifth most threatened major taxo-

nomic group (Goettsch et al., 2015), there is an urgency to adopt

mechanistic frameworks to predict which species are at greatest risk

of germination failure during environmental perturbation. Here, we

provide the first overview of interspecific plasticity of the germina-

tion phenotype across a family’s environmental envelope. As regional
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differences in environmental temperature change become clearer

(IPCC, 2014) and regional climate models are refined (Giorgi &

Gutowski, 2015), the modelling approach described here should be

extended to other families and greater attention given to intraspeci-

fic plasticity within the germination phenotype. Such models should

also account for germination rate dependency on precipitation loss

and gain (e.g. hydro-time; Stevens et al., 2014), and the effect of

environmental temperatures that alternate and transgress thermal

thresholds to reveal whether temperature shifts per se have an

effect on germination (Fern�andez-Pascual et al., 2015; Galindez

et al., 2017; Murdoch, Roberts, & Goedert, 1989). Identifying species

which will be overall winners and losers of climate change through-

out their entire life cycle is complex. For the early life-history stages,

our study reveals the majority of cacti have sufficient thermal buffer-

ing capacity of the germination phenotype to cope with the antici-

pated global temperature change.

ACKNOWLEDGEMENTS

We thank Jenny Davies, John Adams, Nicola Keogh and Keith Manger

for laboratory support; Michael Way for assistance with some seed

collections; and Kenwin Liu for initial assistance with WorldClim. The

Bureau of Land Management (Washington D.C., USA), the Lady Bird

Johnson Wildflower Center (Texas, USA) and Jard�ın Bot�anico Nacional

¨Dr Rafael Mar�ıa Moscoso¨ (Santo Domingo, Dominican Republic) all

generously donated seed collections for study through the Millennium

Seed Bank Project. We gratefully acknowledge funding from the Mil-

lennium Seed Bank Enhancement Project, UK, and the Arcadia Foun-

dation (PLL). The Royal Botanic Gardens, Kew, receive grant-in-aid

from the Department of Environment, Food and Rural Affairs, UK.

REFERENCES

Anderson, E. F. (2001). The cactus family. Portland, Or.: Timber Press.

Buckley, L. B., Urban, M. C., Angilletta, M. J., Crozier, L. G., Rissler, L. J.,

& Sears, M. W. (2010). Can mechanism inform species’ distribution
models? Ecology Letters, 13, 1041–1054. https://doi.org/10.1111/j.

1461-0248.2010.01479.x

Bustamante, E., & B�urquez, A. (2008). Effects of plant size and weather

on the flowering phenology of the organ pipe cactus (Stenocereus

thurberi). Annals of Botany, 102, 1019–1030. https://doi.org/10.

1093/aob/mcn194

Cochrane, A. (2015). Can sensitivity to temperature during germination

help predict global warming vulnerability? Seed Science Research, 26,

14–29. https://doi.org/10.1017/S0960258515000355

Covell, S., Ellis, R. H., Roberts, E. H., & Summerfield, R. J. (1986). The

influence of temperature on seed germination rate in grain legumes.

I. A comparison of chickpea, lentil, soyabean and cowpea at constant

temperatures. Journal of Experimental Botany, 37, 705–715. https://d

oi.org/10.1093/jxb/37.5.705

Daws, M. I., Garwood, N. C., & Pritchard, H. W. (2006). Prediction of

desiccation sensitivity in seeds of woody species: A probabilistic

model based on two seed traits and 104 species. Annals of Botany,

97, 667–674. https://doi.org/10.1093/aob/mcl022

Daws, M. I., Lydall, E., Chmielarz, P., Leprince, O., Matthews, S., Thanos,

C. A., & Pritchard, H. W. (2004). Developmental heat sum influences

recalcitrant seed traits in Aesculus hippocastanum across Europe. New

Phytologist, 162, 157–166. https://doi.org/10.1111/j.1469-8137.

2004.01012.x

D€urr, C., Dickie, J. B., Yang, X.-Y., & Pritchard, H. W. (2015). Ranges of

critical temperature and water potential values for the germination of

species worldwide: Contribution to a seed trait database. Agricultural

and Forest Meteorology, 200, 222–232. https://doi.org/10.1016/j.agrf

ormet.2014.09.024

Ellis, R. H., Covell, S., Roberts, E. H., & Summerfield, R. J. (1986). The

influence of temperature on seed germination rate in grain legumes.

II. Intraspecific variation in chickpea (Cicer arietinum L.) at constant

temperatures. Journal of Experimental Botany, 37, 1503–1515.

https://doi.org/10.1093/jxb/37.10.1503

Fern�andez-Pascual, E., Seal, C. E., & Pritchard, H. W. (2015). Simulating the

germination response to diurnally alternating temperatures under cli-

mate change scenarios: Comparative studies on Carex diandra seeds.

Annals of Botany, 115, 201–209. https://doi.org/10.1093/aob/mcu234

Finch-Savage, W. E. (1995). Influence of seed quality on crop establish-

ment, growth and yield. In A. S. Basra (Ed.), Seed quality: Basic mecha-

nisms and agricultural implications (pp. 361–384). New York: Food

Products Press.

Flores, J., & Jurado, E. (2003). Are nurse-prot�eg�e interactions more com-

mon among plants from arid environments? Journal of Vegetation

Science, 14, 911–916. https://doi.org/10.1658/1100-9233(2003) 014

[0911:ANIMCA]2.0.CO;2

Galindez, G., Seal, C. E., Daws, M. I., Lindow, L., Ortega-Baes, P., &

Pritchard, H. W. (2017). Alternating temperature combined with dark-

ness resets base temperature for germination (Tb) in photoblastic

seeds of Lippia and Aloysia (Verbenaceae). Plant Biology, 19, 41–45.

https://doi.org/10.1111/plb.12449

Garcia-Huidobro, J., Monteith, J. L., & Squire, G. R. (1982). Time, temper-

ature and germination of pearl millet (Pennisetum typhoides S. & H.).

Journal of Experimental Botany, 33, 288–296. https://doi.org/10.

1093/jxb/33.2.288

Giorgi, F., & Gutowski, W. J. Jr (2015). Regional dynamical downscaling

and the CORDEX initiative. Annual Review of Environment and

Resources, 40, 467–490. https://doi.org/10.1146/annurev-environ-

102014-021217

Goettsch, B., Hilton-Taylor, C., Cruz-Pi~n�on, G., Duffy, J. P., Frances, A.,

Hern�andez, H. M., . . . Taylor, N. P. (2015). High proportion of cactus

species threatened with extinction. Nature Plants, 1, 15142. https://d

oi.org/10.1038/nplants.2015.142

Grundy, A. C., Phelps, K., Reader, R. J., & Burston, S. (2000). Modelling

the germination of Stellaria media using the concept of hydrothermal

time. New Phytologist, 148, 433–444. https://doi.org/10.1046/j.1469-

8137.2000.00778.x

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A.

(2005). Very high resolution interpolated climate surfaces for global

land areas. International Journal of Climatology, 25, 1965–1978.

https://doi.org/10.1002/joc.1276

Hunt, D., Taylor, N., & Charles, G. (2006). The new cactus lexicon. Mil-

borne Port, UK: DH Books.

IPCC (2014). Climate Change 2014: Synthesis Report. Contribution of

Working Groups I, II and III to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change (eds Core Writing Team,

R. K. Pachauri, L. A. Meyer), IPCC, Geneva. 151 pp.

IUCN. (2016). IUCN red list of threatened species, version 2016-3.

[Online database]. Retrieved from http://www.iucnredlist.org.

[Accessed 28 February 2017].

Kattge, J., Diaz, S., Lavorel, S., Prentice, I. C., Leadley, P., B€onisch, G., . . .

Cornelissen, J. H. C. (2011). TRY–a global database of plant traits.

Global Change Biology, 17, 2905–2935. https://doi.org/10.1111/j.

1365-2486.2011.02451.x

Labouriau, L. G., & Osborn, J. H. (1984). Temperature dependence of the

germination of tomato seeds. Journal of Thermal Biology, 9, 285–294.

https://doi.org/10.1016/0306-4565(84)90010-X

8 | SEAL ET AL.

https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1093/aob/mcn194
https://doi.org/10.1093/aob/mcn194
https://doi.org/10.1017/S0960258515000355
https://doi.org/10.1093/jxb/37.5.705
https://doi.org/10.1093/jxb/37.5.705
https://doi.org/10.1093/aob/mcl022
https://doi.org/10.1111/j.1469-8137.2004.01012.x
https://doi.org/10.1111/j.1469-8137.2004.01012.x
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1093/jxb/37.10.1503
https://doi.org/10.1093/aob/mcu234
https://doi.org/10.1658/1100-9233(2003) 014%5b0911:ANIMCA%5d2.0.CO;2
https://doi.org/10.1658/1100-9233(2003) 014%5b0911:ANIMCA%5d2.0.CO;2
https://doi.org/10.1111/plb.12449
https://doi.org/10.1093/jxb/33.2.288
https://doi.org/10.1093/jxb/33.2.288
https://doi.org/10.1146/annurev-environ-102014-021217
https://doi.org/10.1146/annurev-environ-102014-021217
https://doi.org/10.1038/nplants.2015.142
https://doi.org/10.1038/nplants.2015.142
https://doi.org/10.1046/j.1469-8137.2000.00778.x
https://doi.org/10.1046/j.1469-8137.2000.00778.x
https://doi.org/10.1002/joc.1276
http://www.iucnredlist.org
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1016/0306-4565(84)90010-X


Martin, T. L., & Huey, R. B. (2008). Why “sub-optimal” is optimal: Jen-

sen’s inequality and ectotherm thermal preferences. The American

Naturalist, 171, E102–E118. https://doi.org/10.1086/527502

Moles, A. T., Perkins, S. E., Laffan, S. W., Flores-Moreno, H., Awasthy,

M., Tindall, M. L., . . . Anand, M. (2014). Which is a better predictor

of plants traits: Temperature or precipitation? Journal of Vegetation

Science, 25, 1167–1180. https://doi.org/10.1111/jvs.12190

Mondoni, A., Rossi, G., Orsenigo, S., & Probert, R. J. (2012). Climate

warming could shift the timing of seed germination in alpine plants.

Annals of Botany, 110, 155–164. https://doi.org/10.1093/aob/

mcs097

Murdoch, A. J., Roberts, E. H., & Goedert, C. O. (1989). A model for ger-

mination responses to alternating temperatures. Annals of Botany, 63,

97–111. https://doi.org/10.1093/oxfordjournals.aob.a087733

Ordo~nez-Salanueva, C. A., Seal, C. E., Pritchard, H. W., Orozco-Segovia,

A., Canales-Mart�ınez, M., & Flores-Ortiz, C. M. (2015). Cardinal tem-

peratures and thermal time in Polaskia Backeb (Cactaceae) species:

Effect of projected soil temperature increase and nurse interaction

on germination timing. Journal of Arid Environments, 115, 73–80.

https://doi.org/10.1016/j.jaridenv.2015.01.006

Orr�u, M., Mattana, E., Pritchard, H. W., & Bacchetta, G. (2012). Thermal

thresholds as predictors of seed dormancy release and germination

timing: Altitude-related risks from climate warming for the wild

grapevine Vitis vinifera subsp. sylvestris. Annals of Botany, 110, 1651–

1660. https://doi.org/10.1093/aob/mcs218

Ortega-Baes, P., Gal�ındez, G., S€uhring, S., Rojas-Ar�echiga, M., Daws, M. I.,

& Pritchard, H. W. (2011). Seed germination of Echinopsis schicken-

dantzii (Cactaceae): The effects of constant and alternating tempera-

tures. Seed Science and Technology, 39, 219–224. https://doi.org/10.

15258/sst.2011.39.1.21

Ortega-Baes, P., S€uhring, S., Sajama, J., Sotola, E., Alonso-Pedano, M.,

Bravo, S., & God�ınez-Alvarez, H. (2010). Diversity and conservation

in the cactus family. In K. G. Ramawat (Ed.), Desert plants (pp. 157–

173). Heidelberg, Berlin, Germany: Springer.

Pacifici, M., Foden, W. B., Visconti, P., Watson, J. E., Butchart, S. H.,

Kovacs, K. M., . . . Corlett, R. T. (2015). Assessing species vulnerability

to climate change. Nature Climate Change, 5, 215–224. https://doi.

org/10.1038/nclimate2448

Porceddu, M., Mattana, E., Pritchard, H. W., & Bacchetta, G. (2013).

Thermal niche for in situ seed germination by Mediterranean moun-

tain streams: Model prediction and validation for Rhamnus persicifolia

seeds. Annals of Botany, 112, 1887–1897. https://doi.org/10.1093/

aob/mct238

Pritchard, H. W., & Manger, K. R. (1990). Quantal response of fruit

and seed germination rate in Quercus robur L. and Castanea sativa

Mill. to constant temperatures and photon dose. Journal of Experi-

mental Botany, 41, 1549–1557. https://doi.org/10.1093/jxb/41.12.

1549

Pritchard, H. W., Steadman, K. J., Nash, J. V., & Jones, C. (1999). Kinetics

of dormancy release and the high temperature germination response

in Aesculus hippocastanum seeds. Journal of Experimental Botany, 50,

1507–1514. https://doi.org/10.1093/jxb/50.338.1507

Rojas-Ar�echiga, M., & V�azquez-Yanes, C. (2000). Cactus seed germina-

tion: A review. Journal of Arid Environments, 44, 85–104. https://doi.

org/10.1006/jare.1999.0582

Sim~ao, E., Takaki, M., & Cardoso, V. J. M. (2010). Germination response

of Hylocereus setaceus (Salm-Dyck ex DC.) Ralf Bauer (Cactaceae)

seeds to temperature and reduced water potentials. Brazilian Journal

of Biology, 70, 135–144. https://doi.org/10.1590/S1519-69842010

000100019

Steadman, K. J., & Pritchard, H. W. (2004). Germination of Aesculus hip-

pocastanum seeds following cold-induced dormancy loss can be

described in relation to a temperature-dependent reduction in base

temperature (Tb) and thermal time. New Phytologist, 161, 415–425.

https://doi.org/10.1046/j.1469-8137.2003.00940.x

Stevens, N., Seal, C. E., Archibald, S., & Bond, W. (2014). Increasing tem-

peratures can improve seedling establishment in arid-adapted

savanna trees. Oecologia, 175, 1029–1040. https://doi.org/10.1007/

s00442-014-2958-y

T�ellez-Vald�es, O., & D�avila-Aranda, P. (2003). Protected areas and climate

change: A case study of the cacti in the Tehuac�an-Cuicatl�an bio-

sphere reserve, M�exico. Conservation Biology, 17, 846–853. https://d

oi.org/10.1046/j.1523-1739.2003.01622.x

Tomlinson, S., Arnall, S. G., Munn, A., Bradshaw, S. D., Maloney, S. K.,

Dixon, K. W., & Didham, R. K. (2014). Applications and implications

of ecological energetics. Trends in Ecology and Evolution, 29, 280–290.

https://doi.org/10.1016/j.tree.2014.03.003

Trudgill, D. L., Squire, G. R., & Thompson, K. (2000). A thermal time basis

for comparing the germination requirements of some British herba-

ceous plants. New Phytologist, 145, 107–114. https://doi.org/10.

1046/j.1469-8137.2000.00554.x

V�azquez-S�anchez, M., Terrazas, T., Arias, S., & Ochoterena, H. (2013).

Molecular phylogeny, origin and taxonomic implications of the tribe

Cacteae (Cactaceae). Systematics and Biodiversity, 11, 103–116.

https://doi.org/10.1080/14772000.2013.775191

Walck, J. L., Hidayati, S. N., Dixon, K. W., Thompson, K., & Poschlod, P.

(2011). Climate change and plant regeneration from seed. Global

Change Biology, 17, 2145–2161. https://doi.org/10.1111/j.1365-

2486.2010.02368.x

Watt, M. S., & Bloomberg, M. (2012). Key features of the seed germina-

tion response to high temperatures. New Phytologist, 196, 332–336.

https://doi.org/10.1111/j.1469-8137.2012.04280.x

Yang, L. H., & Rudolf, V. H. W. (2010). Phenology, ontogeny and the

effects of climate change on the timing of species interactions. Ecol-

ogy Letters, 13, 1–10. https://doi.org/10.1111/j.1461-0248.2009.

01402.x

Zhang, H., McGill, C. R., Irving, L. J., Kemp, P. D., & Zhou, D. (2013). A

modified thermal time model to predict germination rate of ryegrass

and tall fescue at constant temperatures. Crop Science, 53, 240–249.

https://doi.org/10.2135/cropsci2012.02.0085

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Seal CE, Daws MI, Flores J, et al.

Thermal buffering capacity of the germination phenotype

across the environmental envelope of the Cactaceae. Glob

Change Biol. 2017;00:1–9. https://doi.org/10.1111/gcb.13796

SEAL ET AL. | 9

https://doi.org/10.1086/527502
https://doi.org/10.1111/jvs.12190
https://doi.org/10.1093/aob/mcs097
https://doi.org/10.1093/aob/mcs097
https://doi.org/10.1093/oxfordjournals.aob.a087733
https://doi.org/10.1016/j.jaridenv.2015.01.006
https://doi.org/10.1093/aob/mcs218
https://doi.org/10.15258/sst.2011.39.1.21
https://doi.org/10.15258/sst.2011.39.1.21
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1093/aob/mct238
https://doi.org/10.1093/aob/mct238
https://doi.org/10.1093/jxb/41.12.1549
https://doi.org/10.1093/jxb/41.12.1549
https://doi.org/10.1093/jxb/50.338.1507
https://doi.org/10.1006/jare.1999.0582
https://doi.org/10.1006/jare.1999.0582
https://doi.org/10.1590/S1519-69842010000100019
https://doi.org/10.1590/S1519-69842010000100019
https://doi.org/10.1046/j.1469-8137.2003.00940.x
https://doi.org/10.1007/s00442-014-2958-y
https://doi.org/10.1007/s00442-014-2958-y
https://doi.org/10.1046/j.1523-1739.2003.01622.x
https://doi.org/10.1046/j.1523-1739.2003.01622.x
https://doi.org/10.1016/j.tree.2014.03.003
https://doi.org/10.1046/j.1469-8137.2000.00554.x
https://doi.org/10.1046/j.1469-8137.2000.00554.x
https://doi.org/10.1080/14772000.2013.775191
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1111/j.1469-8137.2012.04280.x
https://doi.org/10.1111/j.1461-0248.2009.01402.x
https://doi.org/10.1111/j.1461-0248.2009.01402.x
https://doi.org/10.2135/cropsci2012.02.0085
https://doi.org/10.1111/gcb.13796

