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Abstract
1.	 The high diversity of plant species in the tropics has revealed complex phenologi-

cal patterns and reproductive strategies occurring throughout the year. Describing 
and analysing tropical plant phenology, and detecting triggers, demands to con-
sider the circular nature of recurrent life cycle events and the use of appropriated 
statistical metrics.

2.	 Here, we explore analytical pitfalls potentially affecting results of studies that do 
not consider the circular nature of phenology data when comparing resting and 
non‐resting systems, especially when accounting for phylogeny. We discuss defi-
nitions of the widely used first flowering date and revisit the literature on phylo-
genetic signal in plant phenology. We compare statistical analyses for tropical and 
temperate phenology by simulating communities with known phenological and 
phylogenetic structures.

3.	 We demonstrate that ignoring the circular nature of phenological data underes-
timates the phylogenetic signal in plant phenology. Using the proposed circular  
transformation for non‐resting tropical ecosystems and resting temperate  
systems prevented errors, yielding precise comparisons.

4.	 Synthesis. The analysis of both non‐resting and resting systems must consider the 
circularity of phenological events. Circular statistics is the appropriate approach 
to calculate phenological parameters, identify phylogenetic signal and assess  
drivers, allowing accurate cross‐comparisons of phenology across environments 
at large spatial scales.
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"It is beneath the glowing rays of tropical sun, that the 
noblest forms of vegetation are developed. In the cold 
North the bark of trees is covered only with dry lichens 
and mosses, while beneath the tropics the Cymbidium 
and the fragant Vanilla adorn the trunks of the Anacardias 
and the gigantic Fig‐tree. The fresh green of the Pothos 
leaves and of the Dracontias contrast with the many co-
loured blossoms of the Orchideae; climbing Bauhinias, 
Passion‐flowers and golden flowered Banisterias encir-
cle every tree of the forest. Delicate blossoms unfold 
themselves from the roots of Theobroma, and from the 
thick and rough bark of the Crescentia and Gustavia. … 
The extraordinary height to which not only individual 
mountains but even whole districts rise in tropical re-
gions, and the consequent cold of such elevations, af-
fords the inhabitant of the tropics a singular spectacle." 
Alexander von Humboldt (from an 1850 translation, 

pp. 230–231)

1  | INTRODUC TION

The high species diversity of the tropics generates a huge varia-
tion in life‐forms and reproductive strategies (Newstrom, Frankie, 

& Baker, 1994). This diversity has long been recognized, attract-
ing the attention of early naturalists who were struck by the con-
trasts between temperate and tropical zones (Richards, 1952; Von 
Humboldt, 1850).

In temperate regions where seasonal weather predominates, 
there is a marked annual resting season (Figure 1a,b) followed by the 
reproductive and growing season (Figure 1c,d). The sharp transition 
from resting to growing seasons (winter to spring) leads to measur-
able onset dates of phenological events, such as first flowering date 
(FFD), first bird arrival, first leaf bud, among others.

Historical phenological databases hold information on FFD, de-
fined as the emergence time of the first opened flower observed 
in a given species at a specific location (Fitter, Fitter, Harris, & 
Williamson, 2002; Marsham, 1789; Tooke & Battey, 2010). Scientists 
and citizens‐scientists have registered the first reproductive event 
observed for common species, marking the beginning of the spring 
in temperate regions (Fitter et al., 2002; Miller‐Rushing, Inouye, & 
Primack, 2008; Roberts, Tansey, Smithers, & Phillimore, 2015; Sparks 
& Carey, 1995; Tooke & Battey, 2010). The relatively low diversity of 
species and phenological patterns in temperate zones, compared to 
tropical areas (e.g. Newstrom et al., 1994), facilitates the recognition 
and long‐term monitoring of the most common plants.

The phenology of tropical plant communities is more complex. 
Multiple flowering strategies may occur throughout the year, and 

F I G U R E  1  Phenology of a temperate forest in North Carolina, USA (a–d), a tropical seasonal forest in Barro Colorado Island, Panamá 
(e–h) and a tropical evergreen forest in Santa Virginia Station, São Paulo, Brazil (i–l), as illustrated by digital images. The selected images 
represent four seasons at the same day of the year for each vegetation. Note the remarkably seasonality and resting season (a–b) in 
temperate forest; the year‐round phenological activity of tropical forests differing by the short dry season leaf fall (f) of the seasonal forest 
and the evergreen tree crowns throughout the year (i–l) in the tropical rainforest. Source: (a–h): http://pheno​cam.sr.unh.edu/webca​m/galle​
ry/; (i–l): http://www.recod.ic.unica​mp.br/ephen​ology/​clien​t/index.html# [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)
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this complexity has challenged researchers’ attempts to understand 
their drivers and constraints (Longman & Jeník, 1974; Richards, 
1952). In the tropics, several phenological strategies may coexist at 
any period (Hilty, 1980; Morellato et al., 2000) because plants typ-
ically have year‐round access to water, sunlight and warm tempera-
tures (Figure 1e–l), without the marked and regular community‐level 
resting season of temperate systems. However, a restrictive dry sea-
son is common for some tropical seasonal vegetations (Figure 1e–h). 
Interannually, the start of the dry season in the tropics is less pre-
dictable and less restrictive than the resting winter season in tem-
perate environments. Tropical systems comprise a wide diversity 
of climates—from seasonal (e.g. tropical seasonally dry forests and 
savannas) to non‐seasonal vegetation (e.g. tropical rainforests), ac-
cording to rainfall, altitude and a wide temperature range—yet they 
always show reproductive activity year‐round (Mendoza, Peres, & 
Morellato, 2017; Morellato, Camargo, & Gressler, 2013). Therefore, 
the absence of a marked annual resting season across the tropics re-
quires that we consider the year as a circular continuum to interpret 
plant phenology (Morellato, Alberti, & Hudson, 2010).

Although some studies recognize the necessity of analysing 
the year as a circular continuum (Table 1), this point has been ne-
glected in the literature. One way to deal with this issue is by using 
circular statistics, in which the year is considered as a circle with no 
single starting point or date and all metrics are estimated based on 
directional data, angles or radians (Morellato et al., 2010). Circular 
statistics has been applied in many fields of research (Fisher, 1995; 
Jammalamadaka & SenGupta, 2001). Examples of its application in-
clude measuring flight directions of animals (van Dame, Meled, Colin, 
& Belzunces, 1995), feeding time and niche overlap (Galetti et al., 
2015), plant niche preferences (Tremblay & Castro, 2009), plant root 
distribution (Geisler‐Lee et al., 2017), dynamics of flooding (Villarini, 
2016). There is an important distinction between using angles or or-
dinal numbers to represent the time of species activity (Figure 2). 
Standard linear scales and statistics, which work with day of the year 
(DOY) as response variable, represent the flowering dates as occur-
ring sequentially along the linear year (Figure 2a). This representa-
tion is problematic for the analysis of phenological data because 
December and January are actually close on the circular temporal 
scale (Figure 2b). Phenological information consists of recurrent life 
cycle events throughout the lifetime of the plant, and circular statis-
tics works with this temporal structure by using angles as response 
variable (Morellato et al., 2010). Further statistics (mean, median, 
standard deviation) are based on trigonometric functions, using the 
cartesian coordinates (cosines and sines of the angles) to represent 
the direction of the angle as a point in the unitary circle (for details 
please see Fisher, 1995; Jammalamadaka & SenGupta, 2001; Mardia 
& Jupp, 2000).

Here, we address the analytical pitfalls and implications of ne-
glecting the circular nature of phenology data when analysing 
phenological parameters (e.g. first, mean or peak dates and pheno-
logical seasonality), comparing tropical (non‐resting) and temperate 
(resting) phenologies. We specifically discuss the consequences 
when estimating phylogenetic signal in plant phenology, which 

uses quantitative metrics based on linear distances or covariances 
(Münkemüller et al., 2012; Revell, Harmon, & Collar, 2008). To 
achieve that, we discuss the definitions of the widely used ‘FFD’ and 
revisit the literature on phylogenetic signal in plant phenology.

We aim to demonstrate (a) how the diversity of phenological pat-
terns in the tropics limits the applicability of the typical linear FFD, 
with implications for calculating average parameters to represent 
species and community phenologies; and (b) how using the linear 
DOY to measure FFD or other phenological parameters for tropical 
species leads to biased conclusions, especially when used to calcu-
late the phenological distance between a pair of species for phylo-
genetic signal metrics. Finally, we recommend the use of directional 
statistics, transforming FFDs (or any date) into angles to represent 
their cyclic occurrence, calculating the angular distance between 
pairs of FFDs and then converting the matrix of angular distances 
back to a linear scale. The linearized distance is then applicable in lin-
ear statistical analyses, allowing comparisons between tropical and 
temperate, resting and non‐resting phenologies. We provide R code 
and examples (in Dryad; https​://doi.org/10.5061/dryad.64r8fc0) 
for basic circular descriptive analysis and phylogenetic comparative 
analyses of plant phenology, taking into account the circular nature 
of the temporal structure of phenological datasets.

2  | FIRST FLOWERING DATES

A number of phenological studies, mostly from the 90s onwards, 
have used FFD as a key phenological parameter to analyse changes 
and triggers in temperate species’ phenology, especially for tracking 
climate change effects on plant life cycles (Cleland, Chuine, Menzel, 
Mooney, & Schwartz, 2007; Fitter et al., 2002; Miller‐Rushing et al., 
2008; Roberts et al., 2015; Sparks & Carey, 1995; Tooke & Battey, 
2010). Consequently, FFD has enabled detection, comparison and 
synthesis of trends and shifts in flowering phenology, as well as 
tracking the effects of climate change on reproduction of temperate 
vegetation (Chambers et al., 2013; Menzel et al., 2006; Primack & 
Miller‐Rushing, 2011). However, the use of FFD to represent phe-
nological patterns across an entire plant population or community 
has recently been challenged. Some authors advocate using the 
entire flowering season or combining phenological parameters, 
such as flowering peak date, phenological variance and synchrony, 
to describe plant phenology (e.g. Herrera, 1988; Miller‐Rushing 
et al., 2008; Morellato et al., 2000). Others have criticized FFD, 
based on simulated datasets (e.g. Moussus, Julliard, & Jiguet, 2010). 
Nevertheless, FFD has been collected extensively for many years to 
describe flowering phenology over temperate areas, and no similar 
long‐term information exists (Chambers et al., 2013).

To examine the differences between linear and circular statistics 
in estimating phenological parameters (peak date and seasonality) 
using FFD, we simulated 1,000 phylogenies with phenological traits 
for 100 species in resting and non‐resting systems (Figure 3; descrip-
tion of analyses in Supporting Information). For resting systems, the 
first and last records of flowering were set to DOY 91 (1st April) and 
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TA B L E  1   Studies evaluating phylogenetic signal on plant phenology, including the metrics calculated and response variable analysed

Reference
Phylogenetic 
signal metric

Response variable (phenological 
timing)

Study site vegetation 
(country) Number of species

Software/
package 
(function)

Staggemeier, Diniz-
Filho & Morellato 
(2010)

PVR Linearized phenological variables 
of flowering and fruiting first and 
peak dates (scores from PCoA 
based on circular distance matrix 
using angular difference), among 
other variables

Atlantic rainforest 
(Brazil)

34 Myrtaceae —

Silva et al. (2011) Mantel Matrices with angular differences 
between pair of species (for flow-
ering and fruiting)

Woodland cerrado 
(Brazil)

196 —

Chang‐Yang et al. 
(2013)

PVR Linearized phenological variables 
of flowering and fruiting (scores 
from a PCoA considering peak 
dates and concentration)

Submontane evergreen 
broadleaf forest 
(Taiwan)

24−46 R

Davies et al. (2013) K‐statistic First flower and first leaf dates 
converted to radians

Northern Hemisphere ~4,000 R/picante 
(phylosignal) 

Seger et al. (2013) PVR, K‐statis-
tic, Mantel

Linearized phenological variables 
for flowering and fruiting mean 
dates (scores from PCoA based 
on distance matrix using sine and 
cosine values)

Araucaria rainforest 
(Brazil)

89 R

Lessard‐Therrien, 
Davies & Bolmgren 
(2014)

K‐statistic Mean flowering date (DOY) Subartic vegetation 48 R/picante 
(phylosignal)

Panchen et al. (2014) K‐statistic, 
Pagel's 
Lambda

Adjusted leaf out dates (DOY) Northern Hemisphere 
(eighth botanical gar-
dens and arboreta)

1,597 R/phylosig 
(phytools)

CaraDonna & Inouye 
(2015)

K‐statistic, 
Pagel's 
Lambda

First, peak and last flowering date 
(DOY) and duration

Rocky Mountain peren-
nial herbs (USA)

60 R/picante 
(phylosignal); 
geiger

Du et al. (2015) K‐statistica Mid‐point of flowering (trans-
formed onto a circular scale)

Chinese angiosperm 
flora (China)

19,631 R/picante 
(phylosignal)a

Panchen et al. (2015) K‐statistic, 
Pagel's 
Lambda

Leaf senescence dates (days) Botanical gardens in 
Asia, Europe and North 
America

1,360 R/phylosig 
(phytools)

Staggemeier et al. 
(2015)

PVR, 
K‐statistic

Linearized phenological variables 
of flowering and fruiting peak 
dates (scores from PCoA based 
on circular distance matrix using 
angular difference)

Three sites of Atlantic 
rainforest (Brazil)

24, 26 and 37 
species

R/PVR 
(PVR and 
PVRdecomp)

Hart, Georgian & 
Salick (2016)

K‐statistic Mean and first flowering dates 
(DOY), among others

Himalayan 
Rhododendron species 
(China)

9 Rhododendron R/picante 
(phylosignal); 
phytools

Li et al. (2016) PVR, K‐statis-
tic, Pagel's 
Lambdab

First flower budding, first flower-
ing, first fruiting and flowering 
end (DOY)

Alpine meadows, eastern 
Tibetan Plateau (China)

40 and 50 species R/phytools 
(phylosig)

Razafindratsima & 
Dunham (2016)

Pagel's Lambda Scores from 1st axis of PCA based 
on fruiting mean angle, concentra-
tion and duration

Evergreen montane rain-
forest (Madagascar)

155 R/geiger (fit-
Continuous)

Brito et al. (2017) Mantel Similarity among species regarding 
flowering and fruiting pheno-
logical curves (% of activity per 
month)

Atlantic rainforest and 
campo rupestre (Brazil)

70 
Melastomataceae

R/ape (mantel.
test); ecodist 
(mgram)

(Continues)
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DOY 273 (30th September), respectively, with highest synchrony 
in the middle of temperate spring. The non‐resting systems’ FFDs 
were spread throughout the year, with a mean date around the trop-
ical spring (Sep–Nov). Based on the simulated FFDs, we calculated 
the FFD peak for each simulated community (average of the 100 
FFDs) using DOY and angles under linear and circular statistics re-
spectively. To estimate the circular mean angle for each community, 
each DOY was first converted to an angle (angle = DOY * 360 de-
grees/365  days). Each angle is converted in cartesian coordinates 
(x, y) where x is the cosine of the angle, and y is the sine (Fisher, 
1995; Jammalamadaka & SenGupta, 2001). The mean angle for each 
community is the arctangent from the average of all sines divided 
by the average of all cosines (see details in Supporting Information). 
We also calculated rho values, or the length of the r vector, which 
is the degree of data concentration around the mean angle or mean 
date and can be interpreted as the degree of seasonality of each 

community (Morellato et al., 2010; Morellato et al., 2000). The rho 
varies from 0 to 1—a value of 0 means data are spread over the year 
or circle, with no concentration around the mean date or angle, and 
is interpreted as ‘no seasonality’; a value of 1 represents the highest 
concentration around the mean date and is interpreted as ‘strong 
seasonality’.

Mean dates or angles were compared between two phenologi-
cal scenarios: resting (temperate) versus non‐resting (tropical) sys-
tems. We used Wilcoxon paired test (Zar, 2010) to verify whether 
FFD peaks estimated by linear and circular statistics differed.

The phenological seasonality of resting systems was high as ex-
pected, with rho = 0.79 ± 0.04 (min: 0.62; max: 0.90), FFD peak on 
DOY 178 (N = 1,000; Figure 4a) and mean angle of 175.3° (Figure 4c), 
equivalent to DOY 178. Hence, the FFD peaks estimated by circu-
lar and linear statistics for each resting community were congruent, 
with 99% of communities showing a difference of 3  days or less 

Reference
Phylogenetic 
signal metric

Response variable (phenological 
timing)

Study site vegetation 
(country) Number of species

Software/
package 
(function)

Cortés‐Flores, et al. 
(2017)

PGLS (Pagel's 
Lambda)

Linearized phenological variables of 
flowering from a circular distance 
matrix (scores from ordination)

Seasonal dry tropical 
forest

154 R/caper (pgls)

Du et al. (2017) K‐statistic First leaf out and flowering dates 
(DOY)

Subtropical broad‐leaved 
forest, Heilongjiang 
Province (China)

47 R/picante 
(phylosignal)

Heydel & 
Tackenberg (2017)

K‐statistic Timing of flowering and seed 
release, among others (growing 
degree days)

Central Europe 104 R/picante 
(multiPhy-
losignal)

aModified K‐statistic significance test to consider the temporal autocorrelation, where the differences for contrasts were based on circular distances 
rather than absolute distances. 
bK‐statistic and Pagel's Lambda were used to estimate phylogenetic signal. PVR was applied to separate the variation explained by ecology and 
phylogeny. 

TA B L E  1   (Continued)

F I G U R E  2   Two representations, linear and circular, of the 365 days of the year (DOY), demonstrating how the temporal distance 
between events must be interpreted in phenological studies. (a) Ordinal or linear scale: the largest possible interval is the distance between 
phenological events (grey dots) on days of the year between January and December; and (b) angular or circular scale: dates were converted 
into angles (see text for details), resulting in tightly clustered phenological events, showing that December and January are actually close on 
the circular temporal scale, representing the shortest possible interval between events in the same dataset
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F I G U R E  3   Framework applied to simulate communities with known phenological and phylogenetic information. Step 1: 1,000 
phylogenies with 100 species were simulated under birth‐death process. Step 2: 100 FFDs (first flowering dates) were simulated based 
on each phylogeny under Brownian model (BM) expectancies; that is, the differences in the day of the year (DOY) for two species is 
proportional to the divergence time between them. Step 3: FFD vector for each community was rescaled to represent resting systems where 
the FFD occurs between DOY 91 and 273 (case studies 1 and 3), and non‐resting systems where the flowering dates occurs throughout 
the year (case studies 2 and 4). For case studies 1 and 2, the FFDs are phylogenetically structured (i.e. follow the BM expectancy); for 
case studies 3 and 4, the FFDs were randomized over the tips of the phylogeny to represent communities with phenological patterns not 
phylogenetically structured. Step 4: comparisons inside each community were conducted for four metrics of phylogenetic signal, contrasting 
analyses based on linear raw date (DOY) versus circular transformed date (angles were converted into linear scores by PCoA on the angular 
distance matrix to consider the circular temporal distribution of the phenological information). Methodological details for the simulations are 
described in the Supporting Information [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4   Linear (a, b) and circular (c, d) histograms representing the distribution of simulated FFD (first flowering date) for 1,000 
temperate communities affected by a resting season, during which species cannot reproduce (a, c), and for 1,000 non‐resting tropical 
communities, where species can reproduce throughout the year (b, d). Absolute differences in the mean dates of FFD per community, 
estimated by linear (yellow arrows) and circular (blue arrows) statistics, were negligible for resting communities (e). On the other hand, 
absolute differences were larger for non‐resting communities (f), demonstrating the error of using a linear scale for circular measures of 
recurrent events. The linear FFD mean date of non‐resting systems differed from the circular mean date and fell outside the phenological 
activity peak (Sep–Dec) [Colour figure can be viewed at wileyonlinelibrary.com]
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between circular and linear estimates (min: 0, mean: 1.2 day; max: 
6  days; Figure 4e). Conversely, non‐resting systems showed weak 
seasonality on average, with rho = 0.39 ± 0.12 (min: 0.03; max: 0.71). 
The linear and circular estimates of FFD peaks differed, with 80% of 
non‐resting communities showing more than 1 month of difference 
(min: 3 days; mean: 92 days; max: 201 days; Figure 4f). The average 
FFD peaks for non‐resting communities on the linear scale was DOY 
213 (Figure 4b); on circular scale, the angle was 306.8°, equivalent to 
DOY 312 is about 100 days apart (Figure 4d).

We conclude that linear statistics calculates a mean date out-
side the community peak for non‐resting communities (Figure 4). 
Linear statistics does not accurately represent the phenology of 
non‐resting environments, while circular statistics is a good descrip-
tor for any community with or without a resting season. We stress, 
however, that circular and linear estimates are congruent for very 
seasonal systems in which the peaks are concentrated in the middle 
of the year. For temperate seasonal communities in the Southern 
Hemisphere (examples in Aizen & Vazquez, 2006), where activity 
peaks between November and February, we emphasize the applica-
tion of circular statistics (see S2 in Supporting Information).

3  | METRIC S OF PHYLOGENETIC SIGNAL 
IN PL ANT PHENOLOGY: A RE VIE W AND 
E VALUATION

We conducted a non‐exhaustive review of papers estimating phylo-
genetic signal in phenological timing (18 articles, Table 1). Our sur-
vey shows no consensus on the best way to conduct this analysis. 
The most frequent metrics were the K‐statistic (Blomberg, Garland, 
& Ives, 2003) and Pagel's lambda (Pagel, 1999), followed by phy-
logenetic eigenvector regression (PVR: Phylogenetic EigenVector 
Regression; Diniz‐Filho, Sant’Ana, & Bini, 1998; Diniz‐Filho et al., 
2012) and Mantel correlation (Harmon & Glor, 2010). All four metrics 
were designed for linearly scaled data.

Some phenological studies have emphasized the importance of 
considering the year as a continuum, working with angles and ap-
plying a linearization of angular variables before conducting linear 
statistical analyses (Table 1). Staggemeier, Diniz‐Filho, and Morellato 
(2010) first proposed an ordination metric to linearize angles, and 
further studies applied this approach with minor modifications 
(Chang‐Yang, Lu, Sun, & Hsieh, 2013; Seger, Duarte, Debastiani, 
Kindel, & Jarenkow, 2013; Silva, Silva, Carvalho, & Batalha, 2011; 
Staggemeier et al., 2015).

In order to linearize the circular data, the phenological angles are 
represented by scores extracted from orthogonal vectors based on 
the Principal Coordinate Analysis (PCoA) of the matrix of angular 
distance between species, as described in Staggemeier et al. (2010) 
and graphically illustrated in Staggemeier et al. (2015). These scores 
represent the angular position of the species on a linear scale. When 
the first PCoA vector explains more than 70% of phenological vari-
ation, it is assumed that the first vector is sufficient to represent the 
position of the species in the phenological space, otherwise the two 

first vectors must be interpreted. Species variation can be plotted in 
a graph, where x‐axis represents the phylogenetic position accord-
ing to the significant phylogenetic vector (defined by PVR analysis) 
and y‐axis represents the scores of flowering dates. If the commu-
nity is phylogenetically structured, this graph will show phenological 
clusters of related species, in other words, smallest phenological dis-
tances among species correspond to closest phylogenetic distances. 
Other studies discussed alternative approaches, for example, Davies 
et al. (2013) suggest that conversion to angles or radians is import-
ant, although they did not mention how they dealt with radians in 
the phylogenetic contrast when estimating the K‐statistic. Du et al. 
(2015) suggest a modification of the significance test for K‐statistic 
that takes into account the temporal circularity by using the angular 
distance to estimate the phylogenetic contrasts. However, this mod-
ification only slightly changes the p‐value. In addition, K‐statistic was 
not modified to consider circularity, and the resultant K‐values are 
not comparable across studies.

To evaluate the impact of neglecting the circular nature of phe-
nological data in comparative phylogenetic analyses, we calculated 
the most common metrics of phylogenetic signal for 1,000 commu-
nities of 100 species under four situations, hereinafter termed ‘case 
studies’ (Figure 3): resting and non‐resting systems with FFD phylo-
genetically structured (case studies 1 and 2 respectively) and FFD 
not phylogenetically structured (case studies 3 and 4). The phylo-
genetic information came from 1,000 phylogenetic trees simulated 
under birth–death process with 100 species per community, every 
simulation resulting in one community (step 1, Figure 3). The pheno-
logical information was simulated to recreate FFDs following the ex-
pectancies of Brownian evolutionary model (BM; step 2 in Figure 3). 
Under BM, the differences in FFDs between species are expected to 
be proportional to the divergence time between species.

We found that the FFDs of communities simulated to evolve by 
Brownian evolutionary model showed phylogenetic signal as ex-
pected, while the communities’ FFDs randomized among the tips 
showed no phylogenetic signal (Figure 5). The phylogenetic signal 
for resting communities was similar for analyses conducted on linear 
raw date (DOY) and circular transformed date (scores from PCoA; 
Figure 5). However, we found differences between raw and trans-
formed data analyses for non‐resting communities (Figure 5). The 
phylogenetic signal calculated based on linear raw data was under-
estimated in 94% of the non‐resting communities by the K‐statistic, 
in 62% by the lambda statistic, in 92% by the PVR and in 88% by 
Mantel correlation (Figure 6).

We conclude that the phylogenetic signal is estimated accurately 
only when the circular nature of the temporal data is considered, 
that is, when using the circular transformed data.

As guideline for future studies, we suggest graphically explor-
ing the phenological patterns in datasets and calculating basic de-
scriptive statistics (including descriptors at species level, because 
species with continuous reproduction or non‐seasonal patterns 
cannot be represented by the mean date, the most common re-
sponse variable used in studies evaluating PS in plant phenology). 
Despite the criticism of Mantel test as a measure of phylogenetic 
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signal in comparative analyses (see Harmon & Glor, 2010), this 
method is still useful for analysing communities containing species 
that exhibit sub‐annual or continuous phenology, as demonstrated 
in Brito et al. (2017). We also recommend reporting results based 
on more than one phylogenetic signal metric, because they are 
based on distinct assumptions (Münkemüller et al., 2012; Seger et 
al., 2013). Finally, for global analyses comparing the phenological 
pattern (e.g. onset date, peak date and mean date) between hemi-
spheres, it is necessary to standardize the zero point of the data-
set, prior to analysis, to account for differences between austral 
and boreal seasons (see Keogan et al., 2018). For example, when 
studying species occurring in mid‐North and mid‐South latitudes, 
the zero point of the circular analyses should be standardized to 

the date (or angle) of minimum daylight hours (winter solstice). In 
Dryad, we provide the R script to calculate basic statistics at com-
munity level, graphically explore datasets and estimate phyloge-
netic signal with the four metrics compared in the present study.

Finally, we are aware that transforming angles into a linear scale 
and applying multivariate analyses is not the only solution to the prob-
lem of circular nature of the recurrent phenological events, since the 
transformed data may not represent all variation in the original dataset. 
However, this is the best analytical approach available. We highlight 
the urgent necessity for developing comparative phylogenetic meth-
ods—for example, including a wrapped normal distribution (Pewsey, 
Neuhäuser, & Ruxton, 2013) in the MCMCglmm framework (Hadfield, 
2010)—to properly deal with the circular nature of phenological data.

F I G U R E  5   Phylogenetic signal estimated for 1,000 simulated resting and non‐resting communities, with contrasting analyses conducted 
using linear raw date (day of the year) and circular transformed date (scores from Principal Coordinates Analysis based on the angular 
distances, see details in Supporting Information)
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4  | CONCLUDING REMARKS

The high species diversity of the tropics has yielded a complexity of 
phenological patterns and a great variety of reproductive strategies 
(Morellato et al., 2013). We demonstrated the importance of apply-
ing statistical metrics that deal with the low climate seasonality, and 
the absence of a resting season, to describe and analyse phenol-
ogy and detect triggers through global analyses involving commu-
nities with a wide variety of phenological patterns. We show that 

circular statistics precisely estimates the FFD peak for temperate 
and tropical vegetation, and that considering the recurrence of plant 
phenology leads to accurate comparisons across communities with 
or without a resting season. An increasing number of phenological 
datasets and phylogenetic data are becoming available, enabling 
comparisons of phenological trends and phylogenetic signal across 
communities and continents (Abernethy et al., 2018); an important 
potential application of the analytical approach we proposed.

ACKNOWLEDG EMENTS

V.G.S. and M.G.G.C. receive fellowships from the São Paulo Research 
Foundation ‐ FAPESP (grants #2014/13899‐4; #2016/02312‐8 to V.G.S. 
and grant #2015/10754‐8 to M.G.G.C.). L.P.C.M. and J.A.F.D.‐F. receive 
a research productivity fellowship and grant from the National Council 
for Scientific and Technological Development – CNPq. L.J. receives grant 
from National Institutes for Science and Technology (INCT) in Ecology, 
Evolution and Biodiversity Conservation funded by MCTIC/CNPq (proc. 
465610/2014‐5) and FAPEG (proc. 201810267000023). The present 
study was benefited by funds from FAPESP (grants #2013/50155‐0 and 
#2018/14118‐7). The funders had no role in study design, data collection 
and analysis, decision to publish or preparation of the manuscript.

AUTHORS'  CONTRIBUTIONS

V.G.S., M.G.G.C., J.A.F.D.‐F. and L.P.C.M. conceived the themes for 
this manuscript; V.G.S., M.G.G.C. and L.P.C.M. led the writing with 
J.A.F.D.‐F., R.F. and L.J. contributing equally to the text for each sec-
tion. V.G.S. and L.J. conducted all analytical section with contribu-
tion of R.F. All authors provided critical reviews of each draft before 
giving approval for submission of the final version.

DATA AVAIL ABILIT Y S TATEMENT

This paper does not use real data. The R‐script, including data exem-
plifying the four study cases and the function to estimate phyloge-
netic signal on phenological data, is available from the Dryad Digital 
Repository: https://doi.org/10.5061/dryad.64r8fc0 (Staggemeier et 
al., 2019) enabling people to run all the analyses developed here.

ORCID

Vanessa Graziele Staggemeier   https://orcid.
org/0000-0003-4911-9574 

Maria Gabriela Gutierrez Camargo   https://orcid.
org/0000-0002-3536-6542 

José Alexandre Felizola Diniz‐Filho   https://orcid.
org/0000-0002-0967-9684 

Robert Freckleton   https://orcid.org/0000-0002-8338-864X 

Leonor Patrícia Cerdeira Morellato   https://orcid.
org/0000-0001-5265-8988 

F I G U R E  6   Differences in the phylogenetic signal (PS) estimated 
by four metrics (a–d) for non‐resting communities with first 
flowering dates structured over the phylogeny contrasting circular 
and linear approaches (linear minus circular) that estimate PS based 
on circular transformed date (scores) and linear raw date (DOY), 
respectively [Colour figure can be viewed at wileyonlinelibrary.com]

 13652745, 2020, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.13266 by C

A
PE

S, W
iley O

nline L
ibrary on [21/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-4911-9574
https://orcid.org/0000-0003-4911-9574
https://orcid.org/0000-0003-4911-9574
https://orcid.org/0000-0002-3536-6542
https://orcid.org/0000-0002-3536-6542
https://orcid.org/0000-0002-3536-6542
https://orcid.org/0000-0002-0967-9684
https://orcid.org/0000-0002-0967-9684
https://orcid.org/0000-0002-0967-9684
https://orcid.org/0000-0002-8338-864X
https://orcid.org/0000-0002-8338-864X
https://orcid.org/0000-0001-5265-8988
https://orcid.org/0000-0001-5265-8988
https://orcid.org/0000-0001-5265-8988
www.wileyonlinelibrary.com


     |  403Journal of EcologySTAGGEMEIER et al.

R E FE R E N C E S

Abernethy, K., Bush, E. R., Forget, P.-M., Mendoza, I., & Morellato, L. P. C. 
(2018). Current issues in tropical phenology: a synthesis. Biotropica, 
50, 477–482.

Aizen, M. A., & Vazquez, D. P. (2006). Flowering phenologies of hum-
mingbird plants from the temperate forest of southern South 
America: Is there evidence of competitive displacement? Ecography, 
29, 357–366. https​://doi.org/10.1111/j.2006.0906-7590.04552.x

Blomberg, S. P., Garland, T., & Ives, A. R. (2003). Testing for phylogenetic 
signal in comparative data: Behavioral traits are more labile. Evolution, 
57, 717–745. https​://doi.org/10.1111/j.0014-3820.2003.tb002​85.x

Brito, V. L. G., Maia, F. R., Silveira, F. A. O., Fracasso, C. M., Lemos‐Filho, J. 
P., Fernandes, G. W., … Staggemeier, V. G. (2017). Reproductive phe-
nology of Melastomataceae species with contrasting reproductive 
systems: Contemporary and historical drivers. Plant Biology, 19(5), 
806–817. https​://doi.org/10.1111/plb.12591​

CaraDonna, P. J., & Inouye, D. W. (2015). Phenological responses to cli-
mate change do not exhibit phylogenetic signal in a subalpine plant 
community. Ecology, 96, 355–361. https​://doi.org/10.1890/14-1536.1

Chambers, L. E., Altwegg, R., Barbraud, C., Barnard, P., Beaumont, L. J., 
Crawford, R. J. M., … Wolfaardt, A. C. (2013). Phenological changes 
in the Southern Hemisphere. PLoS ONE, 8, e75514. https​://doi.
org/10.1371/journ​al.pone.0075514

Chang‐Yang, C., Lu, C., Sun, I., & Hsieh, C. (2013). Flowering and fruiting 
patterns in a subtropical rain forest, Taiwan. Biotropica, 45, 165–174. 
https​://doi.org/10.1111/j.1744-7429.2012.00911.x

Cleland, E. E., Chuine, I., Menzel, A., Mooney, H. A., & Schwartz, M. 
D. (2007). Shifting plant phenology in response to global change. 
Trends in Ecology & Evolution, 22, 357–365. https​://doi.org/10.1016/j.
tree.2007.04.003

Cortés‐Flores, J., Hernández‐Esquivel, K. B., González‐Rodríguez, A., & 
Ibarra‐Manríquez, G. (2017). Flowering phenology, growth forms, 
and pollination syndromes in tropical dry forest species: Influence 
of phylogeny and abiotic factors. American Journal of Botany, 104, 
39–49. https​://doi.org/10.3732/ajb.1600305

Davies, T. J., Wolkovich, E. M., Kraft, N. J. B., Salamin, N., Allen, J. M., 
Ault, T. R., … Travers, S. E. (2013). Phylogenetic conservatism in 
plant phenology. Journal of Ecology, 101, 1520–1530. https​://doi.
org/10.1111/1365-2745.12154​

Diniz‐Filho, J. A. F., Bini, L. M., Rangel, T. F., Morales‐Castilla, I., Olalla‐
Tárraga, M. Á., Rodríguez, M. Á., & Hawkins, B. A. (2012). On the selec-
tion of phylogenetic eigenvectors for ecological analyses. Ecography, 
35, 239–249. https​://doi.org/10.1111/j.1600-0587.2011.06949.x

Diniz‐Filho, J. A. F., de Sant'Ana, C. E. R., & Bini, L. M. (1998). An eigen-
vector method for estimating phylogenetic inertia. Evolution, 52, 
1247–1262. https​://doi.org/10.1111/j.1558-5646.1998.tb020​06.x

Du, Y., Chen, J., Willis, C. G., Zhou, Z., Liu, T., Dai, W., … Ma, K. (2017). 
Phylogenetic conservatism and trait correlates of spring phenolog-
ical responses to climate change in northeast China. Ecology and 
Evolution, 7, 6747–6757. https​://doi.org/10.1002/ece3.3207

Du, Y., Mao, L., Queenborough, S. A., Freckleton, R. P., Chen, B., & Ma, 
K. (2015). Phylogenetic constraints and trait correlates of flower-
ing phenology in the angiosperm flora of China. Global Ecology and 
Biogeography, 24, 928–938. https​://doi.org/10.1111/geb.12303​

Fisher, N. I. (1995). Statistical analysis of circular data. Cambridge, UK: 
Cambridge University Press.

Fitter, A. H., Fitter, R. S. R., Harris, I. T. B., & Williamson, M. H. (2002). 
Relationships between 1st flowering date and temperature in the 
flora of a locality in Central England. Functional Ecology, 16, 543.

Galetti, M., Camargo, H., Siqueira, T., Keuroghlian, A., Donatti, C. I., 
Jorge, M. L. S. P., … Ribeiro, M. C. (2015). Diet overlap and for-
aging activity between feral pigs and native peccaries in the 
Pantanal. PLoS ONE, 10, e0141459. https​://doi.org/10.1371/journ​
al.pone.0141459

Geisler‐Lee, J., Liu, X., Rang, W., Raveendiran, J., Szubryt, M., Gibson, D., 
… Cheng, Q. (2017). Image‐based analysis to dissect vertical distribu-
tion and horizontal asymmetry of conspecific root system interac-
tions in response to planting densities, nutrients and root exudates 
in Arabidopsis thaliana. Plants, 6, 46. https​://doi.org/10.3390/plant​
s6040046

Hadfield, J. D. (2010). MCMC methods for multi‐response generalized 
linear mixed models: The MCMCglmm R package. Journal of Statistical 
Software, 33, 1–22.

Harmon, L. J., & Glor, R. E. (2010). Poor statistical performance of the 
Mantel test in phylogenetic comparative analyses. Evolution, 64, 
2173–2178. https​://doi.org/10.1111/j.1558-5646.2010.00973.x

Hart, R., Georgian, E. M., & Salick, J. (2016). Fast and cheap in the 
fall: Phylogenetic determinants of late flowering phenologies in 
Himalayan Rhododendron. American Journal of Botany, 103, 198–
206. https​://doi.org/10.3732/ajb.1500440

Herrera, C. M. (1988). The fruiting ecology of Osyris quadirpartita: 
Individual variation and evolutionary potential. Ecology, 69, 233–249.

Heydel, F., & Tackenberg, O. (2017). How are the phenologies of ripening 
and seed release affected by species’ ecology and evolution? Oikos, 
126, 738–747. https​://doi.org/10.1111/oik.03442​

Hilty, S. L. (1980). Flowering and fruiting periodicity in a premontane 
rain forest in Pacific Colombia. Biotropica, 12, 292–306. https​://doi.
org/10.2307/2387701

Jammalamadaka, S. R., & SenGupta, A. (2001). Topics in circular statistics. 
Singapore: World Scientific Publishing Co. Pte. Ltd.

Keogan, K., Daunt, F., Wanless, S., Phillips, R. A., Walling, C. A., Agnew, P., 
… Lewis, S. (2018). Global phenological insensitivity to shifting ocean 
temperatures among seabirds. Nature Climate Change, 8, 313. https​://
doi.org/10.1038/s41558-018-0115-z

Lessard‐Therrien, M., Davies, T. J., & Bolmgren, K. (2014). A phylogenetic 
comparative study of flowering phenology along an elevational gradi-
ent in the Canadian subarctic. International Journal of Biometeorology, 
58, 455–462. https​://doi.org/10.1007/s00484-013-0672-9

Li, L., Li, Z., Cadotte, M. W., Jia, P., Chen, G., Jin, L. S., & Du, G. (2016). 
Phylogenetic conservatism and climate factors shape flowering 
phenology in alpine meadows. Oecologia, 182, 419–428. https​://doi.
org/10.1007/s00442-016-3666-6

Longman, K. A., & Jeník, J. (1974). Tropical forest and its environment. 
London, UK: Longman Group Ltd.

Mardia, K. V., & Jupp, P. E. (2000). Directional statistics. London, UK: John 
Wiley & Sons.

Marsham, R. (1789). XIII. Indications of spring, observed by Robert 
Marsham, Esquire, FRS of Stratton in Norfolk. Latitude 52° 45′. 
Philosophical Transactions of the Royal Society of London, 154–156.

Mendoza, I., Peres, C. A., & Morellato, L. P. C. (2017). Continental‐scale 
patterns and climatic drivers of fruiting phenology: A quantitative 
Neotropical review. Global and Planetary Change, 148, 227–241. https​
://doi.org/10.1016/j.glopl​acha.2016.12.001

Menzel, A., Sparks, T. H., Estrella, N., & Roy, D. B. (2006). Altered geo-
graphic and temporal variability in phenology in response to climate 
change. Global Ecology and Biogeography, 15, 98–504.

Miller‐Rushing, A. J., Inouye, D. W., & Primack, R. B. (2008). How 
well do first flowering dates measure plant responses to cli-
mate change? The effects of population size and sampling 
frequency. Journal of Ecology, 96, 1289–1296. https​://doi.
org/10.1111/j.1365-2745.2008.01436.x

Morellato, L. P. C., Alberti, L. F., & Hudson, I. L. (2010). Applications of 
circular statistics in plant phenology: A case studies approach. In I. L. 
Hudson & M. R. Keatley (Eds.), Phenological research (pp. 339–359). 
Dordrecht, the Netherlands: Springer.

Morellato, L. P. C., Camargo, M. G. G., & Gressler, E. (2013). A review of 
plant phenology in South and Central America. In M. D. Schwartz 
(Ed.), Phenology: An integrative environmental science (2nd ed., pp. 
91–113). The Netherlands: Springer.

 13652745, 2020, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.13266 by C

A
PE

S, W
iley O

nline L
ibrary on [21/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.2006.0906-7590.04552.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/plb.12591
https://doi.org/10.1890/14-1536.1
https://doi.org/10.1371/journal.pone.0075514
https://doi.org/10.1371/journal.pone.0075514
https://doi.org/10.1111/j.1744-7429.2012.00911.x
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.3732/ajb.1600305
https://doi.org/10.1111/1365-2745.12154
https://doi.org/10.1111/1365-2745.12154
https://doi.org/10.1111/j.1600-0587.2011.06949.x
https://doi.org/10.1111/j.1558-5646.1998.tb02006.x
https://doi.org/10.1002/ece3.3207
https://doi.org/10.1111/geb.12303
https://doi.org/10.1371/journal.pone.0141459
https://doi.org/10.1371/journal.pone.0141459
https://doi.org/10.3390/plants6040046
https://doi.org/10.3390/plants6040046
https://doi.org/10.1111/j.1558-5646.2010.00973.x
https://doi.org/10.3732/ajb.1500440
https://doi.org/10.1111/oik.03442
https://doi.org/10.2307/2387701
https://doi.org/10.2307/2387701
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.1007/s00484-013-0672-9
https://doi.org/10.1007/s00442-016-3666-6
https://doi.org/10.1007/s00442-016-3666-6
https://doi.org/10.1016/j.gloplacha.2016.12.001
https://doi.org/10.1016/j.gloplacha.2016.12.001
https://doi.org/10.1111/j.1365-2745.2008.01436.x
https://doi.org/10.1111/j.1365-2745.2008.01436.x


404  |    Journal of Ecology STAGGEMEIER et al.

Morellato, L. P. C., Talora, D. C., Takahasi, A., Bencke, C. C., Romera, E. 
C., & Zipparro, V. B. (2000). Phenology of Atlantic rain forest trees: A 
comparative study. Biotropica, 32, 811–823.

Moussus, J., Julliard, R., & Jiguet, F. (2010). Featuring 10 phenological 
estimators using simulated data. Methods in Ecology and Evolution, 1, 
140–150. https​://doi.org/10.1111/j.2041-210X.2010.00020.x

Münkemüller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers, 
K., & Thuiller, W. (2012). How to measure and test phylogenetic 
signal. Methods in Ecology and Evolution, 3, 743–756. https​://doi.
org/10.1111/j.2041-210X.2012.00196.x

Newstrom, L. E., Frankie, G. W., & Baker, H. G. (1994). A new classifica-
tion for plant phenology based on flowering patterns in lowland trop-
ical rain‐forest trees at La Selva, Costa Rica. Biotropica, 26, 141–159. 
https​://doi.org/10.2307/2388804

Pagel, M. (1999). Inferring the historical patterns of biological evolution. 
Nature, 401, 877. https​://doi.org/10.1038/44766​

Panchen, Z. A., Primack, R. B., Gallinat, A. S., Nordt, B., Stevens, A.‐D., 
Du, Y., & Fahey, R. (2015). Substantial variation in leaf senescence 
times among 1360 temperate woody plant species: Implications for 
phenology and ecosystem processes. Annals of Botany, 116, 865–
873. https​://doi.org/10.1093/aob/mcv015

Panchen, Z. A., Primack, R. B., Nordt, B., Ellwood, E. R., Stevens, A.‐D., 
Renner, S. S., … Davis, C. C. (2014). Leaf out times of temperate 
woody plants are related to phylogeny, deciduousness, growth habit 
and wood anatomy. New Phytologist, 203, 1208–1219. https​://doi.
org/10.1111/nph.12892​

Pewsey, A., Neuhäuser, M., & Ruxton, G. D. (2013). Circular statistics in R. 
Oxford, UK: Oxford University Press.

Primack, R. B., & Miller-Rushing, A. J. (2011). Broadening the study of 
phenology and climate change. New Phytologist, 191, 307–309.

Razafindratsima, O. H., & Dunham, A. E. (2016). Co‐fruiting plant spe-
cies share similar fruit and seed traits while phylogenetic patterns 
vary through time. Journal of Ecology, 104, 1789–1798. https​://doi.
org/10.1111/1365-2745.12645​

Revell, L. J., Harmon, L. J., & Collar, D. C. (2008). Phylogenetic signal, 
evolutionary process, and rate. Systematic Biology, 57, 591–601. https​
://doi.org/10.1080/10635​15080​2302427

Richards, P. W. (1952). The tropical rain forest; an ecological study. 
Cambridge, UK: The University Press.

Roberts, A. M. I., Tansey, C., Smithers, R. J., & Phillimore, A. B. (2015). 
Predicting a change in the order of spring phenology in temper-
ate forests. Global Change Biology, 21, 2603–2611. https​://doi.
org/10.1111/gcb.12896​

Seger, G. D. S., Duarte, L. D. S., Debastiani, V. J., Kindel, A., & Jarenkow, 
J. A. (2013). Discriminating the effects of phylogenetic hypoth-
esis, tree resolution and clade age estimates on phylogenetic 
signal measurements. Plant Biology, 15, 858–867. https​://doi.
org/10.1111/j.1438-8677.2012.00699.x

Silva, I., da Silva, D., de Carvalho, G., & Batalha, M. (2011). Reproductive 
phenology of Brazilian savannas and riparian forests: Environmental 
and phylogenetic issues. Annals of Forest Science, 68, 1207–1215. 
https​://doi.org/10.1007/s13595-011-0071-5

Sparks, T. H., & Carey, P. D. (1995). The responses of species to cli-
mate over two centuries: An analysis of the Marsham phenological 

record, 1736–1947. Journal of Ecology, 83, 321–329. https​://doi.
org/10.2307/2261570

Staggemeier, V. G., Diniz‐Filho, J. A. F., & Morellato, L. P. C. (2010). The 
shared influence of phylogeny and ecology on the reproductive pat-
terns of Myrteae (Myrtaceae). Journal of Ecology, 98, 1409–1421. 
https​://doi.org/10.1111/j.1365-2745.2010.01717.x

Staggemeier, V. G., Diniz‐Filho, J. A. F., Zipparro, V. B., Gressler, E., de 
Castro, E. R., Mazine, F., … Morellato, L. P. C. (2015). Clade‐specific 
responses regulate phenological patterns in Neotropical Myrtaceae. 
Perspectives in Plant Ecology, Evolution and Systematics, 17, 476–490. 
https​://doi.org/10.1016/j.ppees.2015.07.004

Staggemeier, V. G., Camargo, M. G. G., Diniz-Filho, J. A. F., Freckleton, R., 
Jardim, L., & Morellato, L. P. C. (2019). Data from: The circular nature 
of recurrent life-cycle events: a test comparing tropical and temper-
ate phenology. Dryad Digital Repository, https​://doi.org/10.5061/
dryad.64r8fc0​

Tooke, F., & Battey, N. H. (2010). Temperate flowering phenology. Journal 
of Experimental Botany, 61, 2853–2862. https​://doi.org/10.1093/jxb/
erq165

Tremblay, R. L., & Castro, J. V. (2009). Circular distribution of an epiphytic 
herb on trees in a subtropical rain forest. Tropical Ecology, 50, 211.

Van Dame, R., Meled, M., Colin, M., & Belzunces, L. P. (1995). Alteration 
of the homing‐flight in the honey bee Apis mellifera L. Exposed to sub-
lethal dose of deltamethrin. Environmental Toxicology and Chemistry: 
An International Journal, 14, 855–860.

Villarini, G. (2016). On the seasonality of flooding across the continental 
United States. Advances in Water Resources, 87, 80–91. https​://doi.
org/10.1016/j.advwa​tres.2015.11.009

Von Humboldt, A. (1850). Views of nature: Or contemplations on the sub‐
lime phenomena of creation with scientific illustrations. Translated from 
the German by E.C. Otté and Henry G. Bohn. Harrison and son, St. 
Martin’s Lane, London.

Zar, J. H. (2010). Biostatiscal analysis. Upper Saddle River, NJ: Prentice‐
Hall International.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Staggemeier VG, Gutierrez Camargo 
MGG, Diniz‐Filho JAF, Freckleton R, Jardim L, Morellato LPC. 
The circular nature of recurrent life cycle events: a test 
comparing tropical and temperate phenology. J Ecol. 
2020;108:393–404. https​://doi.org/10.1111/1365-2745.13266​

 13652745, 2020, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.13266 by C

A
PE

S, W
iley O

nline L
ibrary on [21/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.2041-210X.2010.00020.x
https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.2307/2388804
https://doi.org/10.1038/44766
https://doi.org/10.1093/aob/mcv015
https://doi.org/10.1111/nph.12892
https://doi.org/10.1111/nph.12892
https://doi.org/10.1111/1365-2745.12645
https://doi.org/10.1111/1365-2745.12645
https://doi.org/10.1080/10635150802302427
https://doi.org/10.1080/10635150802302427
https://doi.org/10.1111/gcb.12896
https://doi.org/10.1111/gcb.12896
https://doi.org/10.1111/j.1438-8677.2012.00699.x
https://doi.org/10.1111/j.1438-8677.2012.00699.x
https://doi.org/10.1007/s13595-011-0071-5
https://doi.org/10.2307/2261570
https://doi.org/10.2307/2261570
https://doi.org/10.1111/j.1365-2745.2010.01717.x
https://doi.org/10.1016/j.ppees.2015.07.004
https://doi.org/10.5061/dryad.64r8fc0
https://doi.org/10.5061/dryad.64r8fc0
https://doi.org/10.1093/jxb/erq165
https://doi.org/10.1093/jxb/erq165
https://doi.org/10.1016/j.advwatres.2015.11.009
https://doi.org/10.1016/j.advwatres.2015.11.009
https://doi.org/10.1111/1365-2745.13266

