


 

 

Abstract  
 

1) The phenological behaviour, the timing of seasonal phases in an organism, plays an important role 

in the annual cycle of organisms living in seasonal environments. Plant phenological traits have of-

ten evolved in relation to both biotic and abiotic factors, but are often only cued by abiotic factors 

such as temperature, precipitation and day length. When facing climate change, there is strong mo-

tivation to get a deeper understanding of phenological traits and phenological change. 

 

2) I tested the correlation between historical flowering time (HFT) and present-day flowering time 

(PFT) and plant traits. Also, I investigated the linkage between shifts of flowering time and plant 

traits. Phylogeny was taken into account during the comparative analysis. Historical phenology da-

ta and some plant traits data (plant height, pollination mode, dispersal mode and life form) were 

compiled from the literature. Present-day phenology data and some plant traits (seed mass, leaf 

mass per area) were measured during field studies at four sites (two grassland and two deciduous 

forest habitats) in the vicinity of Uppsala, Sweden (59.85°N, 17.38°E). 

 

3) I found that HFT was negatively correlated with seed mass and positively correlated with plant 

height, while none of these relationships were detected for PFT. The most noteworthy differences 

between life-forms were that woody species exhibited earlier flowering time than annual and per-

ennial herbs, species with abiotic pollination mode showed earlier flowering time than biotically 

pollinated plants, zoochorous species exhibited earlier flowering time than species with autochory, 

and species living in deciduous forests tended to flower earlier than species in grasslands. Leaf 

mass per area (LMA) did not correlate either with historical or present flowering times. PFT was 

on average 6.5 days earlier than HFT, and the difference of flowering time (DFT) was significantly 

correlated with plant height, life form and habitat. 

 

 The correlations between plant traits (seed mass, LMA, plant height) and flowering time differ ac-

cording to life form and habitat, respectively. For the detail in perennial herbs, the correlation be-

tween PFT and seed mass exhibited negative correlation, whereas positive correlation in annual 

herbs and no correlation in woody species. I also found positive correlation between PFT and LMA 

but only in woody species, positive correlation between PFT and plant height only in perennial 

herbs. With respect to different habitats, I found positive correlations between PFT and LMA, posi-

tive correlation between PFT and plant height only in the grazed grassland.

 

5) Plant height was the most consistent predictor of plant phenology and change in plant phenology 

and the models were improved by including phylogenetic information. 

 

Key words: flowering time, plant traits, life form, habitat, phylogeny, comparative analysis, climate 

change  
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Abbreviations in this study: 

 

LMA= leaf mass per area (LMA), the reciprocal value of specific leaf area 

HFT= historical flowering time 

PFT= present-day flowering time  
DFT= difference of flowering time, DFT= HFT- PFT 

PIC = phylogenetically independence contrast 

GEE= generalized estimating equations 

 

 



 

 

Introduction 
 

Phenology and climate change 

 

Phenology plays a very important role in controlling the life cycle of organisms as seasons take turns. 

Well known examples are the breeding and migration of birds, insect metamorphosis, the timing of 

seed germination and flowering in angiosperms (Harris et al. 1983, Marquis 1988, Voisin and Voisin 

2009). Today plant phenology was considered as a good indicator of response to climate change 

(Cleland et al. 2007, Voisin and Voisin 2009, Walther et al. 2002). Several articles documented an ex-

tended growing season and the occurrence of earlier beginning of flowering time caused by warmer 

temperatures (Bradley et al. 1999, Chmielewski and Rotzer 2001, Cleland et al. 2007). One case refers 

to the observation of first leaf burst dates with 1.2 days per decade earlier (Bradley et al. 1999). In 

addition, 78% (30% significantly) of all leafing, flowering and fruiting phenology were recorded to 

start off earlier and only 3% was significantly delayed (Menzel et al. 2006, Parmesan and Yohe 2003). 

In terms of these facts, scientists suggested to treat phenology as a “yardstick” to quantify the effect of 

gradually increasing temperature (Visser and Both 2005). 

 

Potential effects: different responses to climate changes 

  

With the combined effect of rising temperature, large differences in the change of flowering time 

across plant species could potentially hinder intra-specific gene flow or cause disruption of plant com-

munity (Fitter and Fitter 2002). The disruption phenomenon would be most likely to happen among 

species with a short life-span, as abiotic factors could considerably manipulate the timing of flowering 

in harsh environments (Fenner 1998). For example, in a subalpine meadow ecosystem, a population of 

Claytonia lanceolata flowered earlier than a nearby population of Artemisia tridentata var. vaseyana, 

consistent with temperature-determined microclimatic factors (Dunne et al. 2003). In this way, altered 

distributions of alpine plant communities, characteristic of population range shifts, would occur in a 

more dynamic manner (Parmesan 2006). In addition to climate change responses, ecological network 

between plants and animals would be disrupted in the level of mutualistic, competitive, facilitative or 

trophic interactions (Chapin et al. 2000). We can take one case as an example, in Rhododendron au-

reum, diverse phenology allows coexistence via reduced intraspecific crossing within single popula-

tions (Kudo 1993). 

 

Mismatching could occur as the consequence of disruption of the trophic level, such as predators or 

plants lose their prey or resource peak as a result of their failure to track the timing of biotic resources 

(Both et al. 2009). The consequence of mismatching for organisms could be deleterious: decoupling of 

food chains, declining populations or even running the risk of extinction (Parmesan 2006, Visser et al. 

2004). One scenario is the climate-driven mismatch of the network between plants and their pollinators 

both at the temporal and spatial scales (Hegland 2009). No easy answers can explain the processes and 

how both abiotic and biotic factors could underlie the phenomenon of mismatches in nature. For in-

stance, mistiming behaviours of plant species were ascribed to different photoperiods or other physio-

logical signals rather than the failure of tracking local temperature in Wisconsin (Bradley et al. 1999). 

An alternative reason could be that prey or host plants tend to avoid potential predators or parasites at-

tack (Both et al. 2009, Singer and Parmesan 2010).  

 

Predicting responses of plant species to climate change  
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To explore different capabilities of adaptation to climate change, we have great motivation to assess 

and predict the responses by using phylogenetic comparative methods. Previously published papers 

have suggested that species extinction under climate change will not be randomly distributed across 

species. So far it has been principally and systematically so that already extinct or declining plant spe-

cies were more closely related than expected by random, and may thus share phenotypic traits that 

could explain their extinction risk (Willis et al. 2008). The phylogenetic extinction pattern in Willis et 

al. (2008) therefore suggested that the evolutionary history need to be considered when trying to pre-

dict effects of climate change. 

 

Besides of phylogenetic comparative methods, a great attempt to the correlation of plant traits is neces-

sary to uncover the effect of nature selection. First, Møller et al. (2008) pointed out a negative correla-

tion between shifts of migration phenology and abundance of birds. Second, several studies have also 

found a correlation between flowering time per se and change in flowering time, such like collectively 

earlier onset of leafing, flowering, and fruiting records (Menzel et al. 2006). Another good case is 

flowering time was biotically controlled by other phenophases such as onset of growth, seed germina-

tion, and dispersal and seasonality of flowering time displayed among some families along a climatic 

gradient in the southern Cape Province, South Africa (S.D.Johnson 1992). Investigation of correlations 

between flowering time per se and other phenology provides us a new overview of detecting repercus-

sion of plant phenology to climate change.  

 

The third one, flowering time closely links with other plant traits and this point has been widely veri-

fied. Among perennial herbs for example, flowering onset was negatively correlated with seed mass 

while positively correlated with plant height. Among annual plants on the other hand, was flowering 

onset instead positively correlated with seed mass (Bolmgren and Cowan 2008). Furthermore, pollina-

tion modes (Sletvold et al. 2010), dispersal modes also have been discovered to be associated with 

flowering time (Bolmgren et al. 2003, Brody 1997, Johnson 1993, Oberrath and Bohning-Gaese 2002, 

Sletvold et al. 2010). These results suggest that we should work in a phylogenetic context, when trying 

to predict phenological change, driven by climate change, by using other plant traits.  

 

Incorporation of phylogeny into a comparative study 

 

The comparative approach is applied to detect macro-evolutionary patterns across a wide range of spe-

cies. A consistent correlation, shaped by natural selection shows up as a phylogenetic signal, that is, 

close relatives will be similar. If people fail to consider this, great bias caused by pseudo-replication 

could result (Westoby et al. 1995) and non-independent observations could commit type I errors via 

inflating the degrees of freedom (Paradis et al. 2004). Thus, present comparative methods include phy-

logenetic information as part of their analyses (Felsenstein 1985, Martins and Hansen 1997, Paradis 

and Claude 2002). 

 

Questions in this study 

 

In this project, I adopted a series of traits for my analysis: seed mass, plant height, leaf mass per area 

(LMA), life form, dispersal mode, pollination mode, and also habitat type. Associations between flow-

ering time, changes in flowering time and the previously listed traits were analysed using phylogenetic 

comparative methods. My general questions were: 
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1.  

2.  

3.  

 

Material and Methods 
 

Trait data 

 

I collected or calculated three kinds of flowering time, namely historical, present and the difference of 

flowering time. Historical flowering time was compiled from a flowering time calendar for the prov-

ince of Uppland (Arnell 1923) covering over 500 species and the whole flowering period (from March 

17 to August 10 (Julian days from 76 to 222)). Present-day flowering time was based on a phenology 

survey carried out from 2008 to 2010, in two deciduous forest habitats (Gottsunda and Nåntuna) and 

two semi-natural grassland habitats (Hässelby and Vallsgärde) in the nearby area of Uppsala (Fig.1). 
 

 
Figure 1 Map showing the four field sites monitored during 2008-2010. The red dot represents Uppsala and the other blue 

points represent four field sites.  

 

During the inventory each field site was visited once per week (two times per week in 2010) and the 

phenology of 170 species was monitored over three field seasons from April 5 to July 22 (Julian days 

from 95 to 203). Average flowering times were calculated for each species of four field sites (fig. 1) for 

each year and for each of the four sites. Present-day flowering time here represents the total mean value 

of flowering time for each species across all localities where it occurred and across the 3 years. The 

difference of flowering time was calculated as the difference between historical and present data. 

 

Mean seed mass and mean leaf mass per area (LMA, (Chen 1997)) were calculated from samples col-

lected at the field sites in 2008. Mean values of  plant heights were compiled from a Swedish flora 

book (Mossberg 2003). Data concerning life form, dispersal mode and pollination mode were compiled 

from (Eriksson and Bremer 1992, Joongku L et al. 2009, Mossberg 2003). Life forms used were per-

ennial herbs, woody perennials, annual herbs; dispersal mode was classified as anemochorous, auto-

chorous or zoochorous; pollination mode was coded as biotic or abiotic. Habitats were classified as de-

ciduous forest, grassland or mixed (when plants occurred both in the forest and grassland) depending 

on where the plants were found in the 2008-2010 field study. 

 

In total, 69 woody species (trees, shrubs, shrublets), 321 perennial herbs and 41 annual plants were 

sampled, 85 were zoochorous (endozoochorous, ectozoochorous or myrmecochorous), 257 were auto-
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chorous and 50 anemochorous. Biotic pollination was used by 292 species, while 90 employed abiotic 

pollination. The number of species unique to grassland were 127 (Nåntuna and Gottsunda), 56 species 

specifically lived in deciduous forest (Hässelby and Vallsgärde) and 71 species were found in both 

kinds of habitats (bi-habitat). The total number of species differed in the analyses of different traits due 

to lacking trait information. 

 

Phylogeny for comparative analysis  

 

A highly resolved phylogenetic hypothesis for Swedish angiosperms (Rydberg & Bolmgren, un-

published; see also Bolmgren & Cowan, 2008) was used. This phylogenetic hypothesis was a develop-

ment from the APGII backbone (see Angiosperm Phylogeny Website (P. Stevens)) and further resolved 

by using published phylogenetic reconstructions. The phylogenetic reconstruction lacked branch 

lengths and branch lengths were set to 1 (Ackerly and Donoghue 1995). 

 

Analysis 
 

All analyses were performed using the software R and the package ‘ape’ developed for phylogenetic 

comparative analysis (Paradis and Claude 2002). In addition to the phylogenetic comparative methods 

(see below), relationships between flowering time data and other plant traits were analyzed using Pear-

son product-moment correlation and Bonferroni corrected paired t-test. 

 

Phylogenetically independent contrast (PIC) 

 

Felsenstein firstly proposed this method in 1985 where independent contrasts (Cij) are performed by 

calculating plant traits value contrasts and then divide these by the square root of the sum of branch 

length: 

 

where Xj represents the contrasts of plant traits for species j and dij refer to the branch length between 

tip Xi to Xj. The contrast will be supposed to be statistically independent among bifurcated branches 

(Felsenstein 1985, Garland and Ives 2000). I analyzed bivariate correlations to be used to explore the 

plant traits linkage dependent upon Brownian model. All data were log transformed (Here log com-

putes logarithms, by default natural logarithms) before analysis. One example mode is PIC 

[log(flowering time)] ~ PIC[log(Seed mass)]. In R software, PIC was performed by the ‘pic’ function 

in package APE and the model was forced to go through the origin point (Ackerly 2000, Garland et al. 

1992). The function ‘multi2di’ in the package helped us to cope with multichotomies by reducing them 

to dichotomize randomly. The result was repeatedly calculated by 999 times to minimize differences 

caused by random dichotomization. 

  

Generalized estimating equations (GEE) 
 

GEE implemented in a phylogenetic comparative method was applied to analyze more complex statis-

tical models. The method automatically created a correlation matrix derived from both phylogenetic 

distances and phenotypic data. GEE can be regarded as an extension of generalized linear models 

(GLMs) with “g” the link function 

  (1.2) 
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Where  represents regression parameters vector , i th  speices covariate values have been trans-

posed into a vector, y distribution is : 

      (1.3) 

Where A is an n n diagonal matrix, R refers to the correlation matrix and   is the scale (Paradis and 

Claude 2002). In this study, "compar.gee" in ape package was used for GEE analysis part (Paradis and 

Claude 2002). One example mode was GEE [log (flowering time) ~ factor (life form)]. Besides, inter-

action of one plant trait with life form & habitat was also detected in this study, such as GEE 

[log (flowering time) ~ log (seed mass)  factor (habitat type)].  

 

Results 
 

In full samples, flowering time was found to be associated with other plant traits. With regard to HFT,  

a negative correlation between flowering and seed mass was found (Table 1, Fig 1 A) and flowering 

time exhibited a positive correlation with plant height (Table 1, Fig. 1 B). While LMA showed no cor-

relation with flowering time. These results were confirmed by the analysis of the PIC method (Fig. 1 C, 

D). No correlation was detected with present-day flowering time data (Table 1). 
 

Table 1.  Pearson's product-moment correlations between flowering time and plant traits 

 

 
 

Full sample n HFT n PFT n   DFT

Seed mass 148 -0.22 ** 140 ns 116 ns

Seed mass(PIC)§ 147 -0.18 * 139 ns 115 ns

LMA 169 ns 157 ns 131 ns

LMA(PIC) 168 ns 156 ns 130 ns

Plant height 357 0.17 ** 167 ns 138 ns

Plant height(PIC) 356 0.34 ** 166 ns 137 -0.22 **

Subsamples(Woody species) n HFT n PFT n   DFT

Seed mass 24 ns 16 ns 15 ns

Seed mass(PIC) 23 ns 15 ns 14 -0.53 *

LMA 28 ns 25 0.45 * 22 -0.58 **

LMA(PIC) 27 ns 24 0.61 *** 21 -0.63 **

Plant height 55 ns 25        ns 22 ns

Plant height(PIC) 54 ns 24 ns 21 ns

Subsamples(Perennial herbs) n HFT n PFT n   DFT

Seed mass 138 ns 111 -0.20 * 91 0.26 *

Seed mass(PIC) 137 ns 110 -0.25 ** 90 ns

LMA 150 ns 120 ns 100 ns

LMA(PIC) 149 ns 119 ns 99 ns

Plant height 258 ns 130 0.59 *** 107 -0.34 ***

Plant height(PIC) 257 -0.15 * 129 0.63 *** 106 -0.27 **

Subsamples(Annual herbs) n HFT n PFT n   DFT

Seed mass 13 ns 9 0.74 ** 6 ns

Seed mass(PIC) 12 ns 8 0.83 ** 5 ns

LMA 13 ns 8 ns 5 ns

LMA(PIC) 12 ns 7 ns 4 ns

Plant height 29 ns 8 0.80 ** 5 ns

Plant height(PIC) 28 ns 7 ns 4 ns
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Further examination was executed by classifying our samples into several subsamples according to life 

forms and habitat types (Table 1). Seed mass, LMA, plant height exhibited different correlations with 

flowering time in different life forms. In details, the correlation between PFT and seed mass exhibited 

negative association in perennial herbs, while positive correlation in annual herbs and no correlation in 

woody species. I also found positive correlation between PFT and LMA was in woody species, positive 

correlation between PFT and plan height in perennial herbs. Considering different habitat types, I found 

positive correlation between PFT and LMA only in grazed grassland, positive correlation between PFT 

and plant height only in grazed grassland. 

 

Without phylogeny, life form, dispersal form, pollination form, and habitat type exhibited highly sig-

nificant association with HFT (Table 2). In term of PFT, analogous result was found except for the pol-

lination mode. Further examination verified the result by taking phylogeny into account; both HFT and 

PHT had significant relationship with life form, dispersal form, pollination form, and habitat type. 

Subsamples(Deciduous forest) n HFT n PFT n   DFT

Seed mass 33 ns 19 ns 14 ns

Seed mass(PIC) 32 ns 18 ns 13 ns

LMA 35 ns 22 ns 16 ns

LMA(PIC) 34 ns 21 ns 15 ns

Plant height 40 ns 23 0.40 * 17 ns

Plant height(PIC) 39 ns 22 ns 16 ns

Subsamples(Grazed grassland) n HFT n PFT n   DFT

Seed mass 78 ns 65 ns 55 ns

Seed mass(PIC) 77 ns 64 ns 54 ns

LMA 92 ns 72 0.25 * 62 ns

LMA(PIC) 91 ns 71 0,25 * 61 -0.29 *

Plant height 105 ns 78 0.30 ** 66 ns

Plant height(PIC) 104 ns 77 0.24 * 65 -0.33 **

Subsamples(Bi-habitat) n HFT n PFT n   DFT

Seed mass 50 ns 52 -0.29 * 43 ns

Seed mass(PIC) 49 ns 51 ns 42 ns

LMA 55 ns 59 ns 49 ns

LMA(PIC) 54 ns 58 ns 48 ns

Plant height 58 ns 62 ns 51 ns

Plant height(PIC) 57 ns 61 ns 50 ns

§These analyses included phylogenetic information

                *p<0.05,** p<0.001,*** p<0.001, ns>0.05
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Figure 2  Scatterplot graphs showing correlation between historical flowering time (HFT) with seed mass(A) and plant 

height (C), compared with the result based on phylogeny data via PIC method on the right hand separately (B, D). All data 

were log-transformed (i.e. natural logarithms). 

 
Table 2. ANOVA table of plant traits associated with HFT, PFT, DFT 

 

 
 

In detail, flowering time of woody species was tested to be earlier than annual and perennial herbs not 

only in the present but also in the past. Using Bonferroni corrected paired t-test, there was a significant 

effect of life form on HFT (Fig. 3A): woody plant vs. annual herbs, p = 3.0e-05, woody plants vs. per-

ennial herbs, p = 8.4e-07; with PFT, woody plants vs. perennial herbs, p = 0.00075. Furthermore, abiot-

ically pollinated species flowered earlier than the biotically pollinated ones (Fig. 3B): abiotic vs. biotic,  
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   HFT     PFT DFT

Df  F value p value Df F value p value Df F value p value 

Life form 2,348 15.52 3.45E-07 *** 2,167 7.037 1.16E-03 ** 2,138 ns ns

Life form(GEE)§ 2,351 3.81 2.89E-02 * 2,170 149.15 6.28E-16 *** 2,141 12.11 2.19E-04 ***

Dispersal mode 2,308 9.93 6.62E-05 *** 2,159 4.66 1.08E-02 * 2,131 ns ns

Dispersal mode(GEE) 2,311 27.84 1.73E-08 *** 2,162 73.33 9.74E-12 *** 2,134 ns ns

Pollination mode 1,299 18.82 2.65E-05 *** 1,150 ns ns 1,123 ns ns

Pollination mode(GEE) 1,301 61.63 7.78E-10 *** 1,152 12.44 1.53E-03 ** 1,125 ns ns

Habitats type 2,178 4.52 1.21E-02 * 2,167 3.94 2.12E-02 * 2,138 4.8808 8.95E-03 **

Habitats type(GEE) 2,181 59.54 1.75E-11 *** 2,170 73.32 5.0E-12 *** 2,141 22.03 3.30E-06 ***

§These analyses included phylogenetic information

                *p<0.05,** p<0.001,*** p<0.001, ns>0.05
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p = 2.6e-05. Zoochorous species had earlier flowering time than autochorous (Fig. 3 C): with HFT, 

zoochory vs. autochory , p = 0.00036; with PFT, zoochory vs. autochory , p=0.0093. Species living in 

deciduous forest showed earlier flowering time than species in grazed grassland (Fig. 3D): with PFT, 

grassland vs. forest, p = 0.049. 

 
 

 

 
 

 

 
 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

Figure 3 Historical flowering time (HFT) associates with (A) life/growth form (w = woody perennials, h = perennial herbs, 

a = annual herbs). (B) Dispersal mode (ane = anemochory, au = autochory, zoo= zoochory ). (C) Pollination mode (D) 

Habitat type (f = deciduous forest, g = grazed grassland, b =species have been found in both types of habitats). Boxplot ex-

hibits the media, 1
st
 and 3

rd
 quartiles and the full range of samples. Julian day is the day number from the first day of one 

year and representative of flowering time here.  

 

Without phylogeny, 124 species was detected between HFT and PFT by pairwise t-test and highly sig-

nificant was found (t = 9.2401, df = 123, p-value = 9.214e-16). Average 6.5 days of flowering time 

showed a marked advancement in the present with comparison of the past in full samples. Given life 

form, woody species moved forward 8.2 days (t = 4.559, df = 20, p-value = 0.0001907), perennial 

herbs put forward 6.5 days (t = 8.606, df = 94, p-value = 1.684e-13) whereas annual species on average 

maintained their flowering time (df = 7, p= 0.58). Besides, highly significant difference was detected in 

the whole three habitat classes (Fig. 4 B), in grazed grassland, species flowered average 6.8 days earlier 

(t = 6.3669, df = 53, p-value = 4.695e-08), in deciduous forest, 7.1 days earlier (t = 3.8081, df = 19, p-

value = 0.001187), in bi-habitat , 5.9 days earlier(t = 5.4254, df = 49, p-value = 1.773e-06). t te might 

prov.   
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With phylogeny, correlations of DFT with Life form and habitat type were both confirmed using PIC 

and GEE method (Table 2). Neither seed mass nor LMA correlated with DFT while positive correlation 

between plant height and DFT was detected in full sample size (Table 1). Further examination was car-

ried out to test the effect of interaction between life form, habitat type with focal traits (seed mass, 

LMA and plant height) on HFT, PFT and DFT (Table 3). The results showed that both life form and 

habitat type were fairly essential co-variables. 

 
Table 3 Detection of effects of life form and habitat type constraints on HFT, PFT, DFT using Generalized estimating equa-

tions (GEE) 

 

 
 

 
 

Disccussion 
 

Our results show that in full samples, onset time of flowering was correlated with plant height and seed 

mass, but not LMA. However, these correlations were only found in the larger, historical flowering 

time data set. Flowering time, both historical and present-day, was also different between pollination 

and dispersal modes. Furthermore, these correlations were affected by both life form (annuals, perenni-

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

Seed mass§ 1,178 ns ns 1,142 17.91 0.0003466 *** 1,142 32.96 1.81E-05 ***

Life form 2,178 4.06 3.00E-02 * 2,142 31.81 3.37E-07 *** 2,142 42.85 1.26E-07 ***

Seed mass×Life form 2,178 ns ns 2,142 40.50 4.46E-08 *** 2,118 45.29 8.26E-08 ***

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

Plant height 1,348 3.84 ns 1,169 67.76 1.15E-08 *** 1,140 10.56 3.77E-03 **

Life form 2,348 19.07 9.48E-07 *** 2,169 47.24 2.53E-09 *** 2,140 10.16 7.92E-04 ***

Plant height×Life form 2,348 20.1 5.45E-07 *** 2,169 179.85 8.183E-16 *** 2,140 36.08 1.4E-07 ***

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

LMA 1,200 3.01 9.41E-02 1,159 4.49 4.53E-02 * 1,133 0.86 0.366548

Life form 2,200 6.89 3.77E-03 ** 2,159 4.09 3.06E-02 * 2,133 10.14 1.07E-03 **

LMA×Life form 2,200 9.20 8.85E-04 *** 2,159 9.11 1.26E-03 ** 2,133 13.49 2.47E-04 **

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

Seed mass 1,167 8.30 8.45E-03 ** 1,142 17.28 4.90E-04 *** 1,118 ns ns

Habitat type 2,167 22.03 4.61E-06 *** 2,142 15.69 8.05E-05 *** 2,118 4.52 2.53E-02 *

Seed mass×Habitat type 2,167 19.82 1.01E-05 *** 2,142 11.05 5.90E-04 *** 2,118 ns ns

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

LMA 1,188 1.01 3.25E-01 1,159 4.43 4.67E-02 * 1,133 2.23 0.152

Habitat type 2,188 4.86 1.60E-02 * 2,159 34.75 1.29E-07 *** 2,133 22.30 1.21E-05 ***

LMA×Habitat type 2,188 6.74 4.35E-03 ** 2,159 29.87 4.58E-07 *** 2,133 17.48 5.55E-05 ***

HFT PFT DFT

DFp F Pr(>F) DFp F Pr(>F) DFp F Pr(>F)

Plant height 1,209 ns ns 1,169 ns ns 1,140 ns ns

Habitat type 2,209 ns ns 2,169 13.20 1.44E-04 *** 2,140 7.63 3.15E-03  **

Plant height×Habitat type 2,209 ns ns 2,169 20.98 5.92E-06 *** 2,140 23.66 3.80E-06 ***

§These analysis includes phylogentic information

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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al herbs, and woody plants) and habitat type (grasslands, and deciduous forests) and different correla-

tions were obtained in subsamples (Table 1).  

 

Flowering time was correlated with seed mass and plant height, indicating there is a time-size trade-off 

between investment in vegetative growth and reproduction. But the trade-off might not account for eve-

ry species and life form should be taken into account: for woody species, flowering time was not corre-

lated with seed mass, LMA and plant height, suggesting a total decoupling mechanism of vegetative 

and reproduction process. Different from woody species, annual species were observed to be consistent 

with traditional life history models based on the assumption that high seed mass production links to 

delayed flowering time. However, it is hard to make a general conclusion of this correlation for annual 

species because great bias could occur if we obtained quite small samples from a statistical perspective. 

Among perennial herbs, flowering time was negatively correlated with seed mass and positively corre-

lated with plant height, which is congruent with former study of Bolmgren & Cowan (2008). It is not a 

surprising result due to the fact that there is a requirement of long-term net assimilation via photosyn-

thesis for the output of larger seed mass, implying that selection prefers early flowering time (Galen 

and Stanton 1991); Another explanation is that large seed production seems to have more benefits if 

they germinate earlier than the onset timing of canopy closure. An alternative explanation is that larger 

seeds can germinate earlier under canopy closure and thus grow larger earlier and flower earlier. 

 

Besides of life form factors as mentioned, other factors that affect the switching time from vegetative 

development to reproduction are also fairly important, for instance, risk of exposing to plant shading 

and grazing damage (Bennie et al. 2010, Shitaka and Hirose 1998). These series of factors could derive 

from habitat type and much concern should be paid during the whole procedure of phenology research. 

The results showed that there was positive correlation between LMA and PFT in grazed grassland. It is 

plausible for considering that small LMA (large leaf area) has been expected to not only enhance net 

assimilation from photosynthesis but also to promote bud bursting and seed production (DeBussche et 

al. 2004, Rathcke and Lacey 1985). In this way, it is more likely to move forward the date of flowering 

due to early completion of vegetative growth and early start of the reproduction phase. And our expec-

tation could be verified in nature and delayed flowering time was consistent with small leaf area in 

grazed grassland. One possible explanation is that large leaf area in grazed grassland could be fairly 

vulnerable to predation and after mowing the species was likely to postpone flowering time for plant 

organs recovery or resource restorage (Mcnaughton 1979). But it is not the same case in deciduous for-

est. The result showed that LMA was not significantly correlated with flowering time and it can be il-

lustrated that species might hold out another life strategy via increasing number of leaves or promotion 

of leaf thickness in deciduous forest (Shipley and Meziane 1998), which could become the result of 

long-term selection for species to compete for sunlight in shading areas. 

 

In addition to, two other factors, pollination and dispersal mode had similarly strong association with 

flowering time. Pollen deficiency is considered as a central problem concerning selection on flowering 

time (Ashman et al. 2004, Burd 1994, McIntosh 2002, Sletvold et al. 2010). Thus selection from sea-

son-driven pollinator abundance and behaviors could impose on relatively late time of flowering 

(Aizen 2003, Hirao et al. 2006). Compared with insect-pollinated species, earlier flowering of wind-

pollinated species makes it possible to create massive pollen rains in case of potential loss blocked by 

leaves. Similarly in dispersal mode, zoochorous species often obtain benefits from early flowering by 

catering to seasonal activities of fruigivors (birds, ants) and fleshy fruit providence often accompanies 

with large seeds, suggesting long growth development requirement for early flowering (Kimura et al. 
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2001, Oberrath and Bohning-Gaese 2002, Skeate 1987, Thompson and Willson 1979). In contrast, au-

tochorous species might make use of available resources for the enhancement of plant height, striving 

for long-distance seed dispersal. As we expect, if trade-off occurs between vegetative growth and re-

production as mentioned, it is more likely to see delaying flowering time in autochorous species 

(Herrera et al. 1998, Pijl 1982). 

 

Compared with historical flowering time, it showed that average 6.5 days earlier of flowering time 

were detected in full samples, among which woody species were 8.2 days earlier and perennial herbs 

were 6.5 earlier and no trend of being earlier in annual herbs. Variation of seed mass and LMA could 

indicate DFT in woody species and variation of plant height could indicate DFT in perennial herbs. 

According to different habitat types, species living in grazed grassland were 6.8 days earlier of flower-

ing time while 7.1 days earlier in deciduous forest. Variation of both LMA and plant height can indi-

cate DFT in grazed grassland.  

 

Fitter & Fitter (2002) also used within-genus comparisons to deal with DFT and life form, but propos-

ing an opposite view that annual species should flower earlier than congeneric perennials in the context 

of climate change. However, it is implausible based on our research because early flowering time is 

fairly risky of being immature to produce seeds for annual herbs and such tight life cycle strongly forc-

es those species to achieve urgent vegetative growth in a year. While woody species or perennials herbs 

are probable to benefit more from early flowering because their storage of organs facilitate the decou-

pling of vegetative growth and reproduction (Herrera et al. 1998). From the perspective of phenogical 

correlations, perennial plants could anticipate the best condition of one year to seed emergency and get 

more benefits compared with annual herbs observed in experimental studies (Verdu and Traveset 2005). 

If so, we predict earlier flowering in woody species could also get more benefits taking phenological 

relationships of perennial plants into account. Another weakness in the study of Fitter & Fitter (2002) is 

their failure to detect the correlation between DFT and habitat type, which has been focused in our 

study, it showed that average DFT of species in deciduous forest was greater than species occupied in 

grazed grassland. A credible explanation is that deciduous forest is characteristic of shaded habitats, 

with higher humidity and lower wind speed, species in this habitat should be adaptive to this low light 

environment with earlier flowering time (Dahlgren et al. 2006). For instance, ground flora, Claytonia 

virginica, Dentaria laciniata, Erythronium albidum condense their flowering time in an early phase 

before sequential closure of the canopy (Heinrich 1976, Schemske et al. 1978) and early flowering 

plants have changed their phenology more than later (Menzel et al. 2006). But this prediction was not 

verified in our study and deeper researches are needed to confirm our prediction. While in grazed 

grassland, detected relationships between DFT and LMA, DFT and plant height are weighted to be 

more important and predation pressure might enhance the possibility of mismatching response to cli-

mate change for late-flowered species in the harsh environment (Fenner, 1998). 

 

To sum up, the overarching goal that motivated this study is the need to improve our ability to predict 

phenology and phenological change in a climate change context. Previous studies have found correla-

tions (1) between other plant traits and flowering time, (2) between flowering time itself and change in 

flowering time, and even (3) between change in flowering time and extinction risks. Thus, we could 

potentially develop tools that allow us to predict phenological change and extinction risks linked to 

phenological change via information from other traits than long-term phenological change data. Com-

paring with other plant traits, we found that plant height was the most consistent predictor of plant phe-
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nology and change in plant phenology and the models were improved by including phylogenetic in-

formation. 
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