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6Fachgebiet für Ökoklimatologie, Technische Universität München, Hans-Carl-von-Carlowitz-Platz 2,
Freising 85354, Germany
7Institute for Advanced Study, Technische Universität München, Lichtenbergstrasse 2a, Garching 85748, Germany
8Sigma, Coventry University, Coventry CV1 5FB, UK

To generate realistic projections of species’ responses to climate change, we need

to understand the factors that limit their ability to respond. Although climatic

niche conservatism, the maintenance of a species’s climatic niche over time,

is a critical assumption in niche-based species distribution models, little is

known about how universal it is and how it operates. In particular, few studies

have tested the role of climatic niche conservatism via phenological changes in

explaining the reported wide variance in the extent of range shifts among

species. Using historical records of the phenology and spatial distribution of

British plants under a warming climate, we revealed that: (i) perennial species,

as well as those with weaker or lagged phenological responses to temperature,

experienced a greater increase in temperature during flowering (i.e. failed to

maintain climatic niche via phenological changes); (ii) species that failed

to maintain climatic niche via phenological changes showed greater northward

range shifts; and (iii) there was a complementary relationship between the levels

of climatic niche conservatism via phenological changes and range shifts. These

results indicate that even species with high climatic niche conservatism might

not show range shifts as instead they track warming temperatures during

flowering by advancing their phenology.
1. Introduction
Understanding the determinants of species’ niches in time and space is a critical

challenge for ecologists in an era of global change [1,2]. With widespread con-

cerns over global biodiversity loss, increasing importance has been placed on

understanding spatial–temporal dynamics of species’ niches in relation to pro-

jected species’ responses to climate change [3] and the spread of invasive

species [4]. In particular, a better mechanistic understanding of spatial-temporal

niche dynamics has been sought to inform projections of species’ responses to

novel environments [5].

There is now considerable evidence that recent climate change has caused a

wide range of species to shift their spatial distribution and/or phenology [6].

Such phenomena are known to be the consequences of climatic niche conser-

vatism, the maintenance of a species’s climatic niche over time [2]. Climatic

niche conservatism constitutes a critical assumption in niche-based species

distribution models [1], which have been widely used to project potential

range shifts and extinction in response to climate change [3,7]. However,

responses to climate change can vary greatly between species [8], and factors

determining the strength and generality of climatic niche conservatism have
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Figure 1. Schematic of climatic niche conservatism through phenological changes and range shifts. Diagonal lines represent isothermal lines. Grey areas show a species’s
geographical range and flowering periods, with black thick lines indicating flowering dates at different latitudes within the species’s range. (a) Before warming, this
example species flowers between day 25 and day þ5, consequently maintaining the temperature during flowering as +08C across its geographical range between
latitude 21 and latitude þ1. (b) Climatic niche conservatism via phenological changes. Owing to warming, with neither phenological changes nor range shifts, the
species would experience increasing temperature during flowering (dashed line). Advancing flowering dates by 5 days (arrow) would enable this species to maintain the
temperature during flowering without changing the geographical range. (c) Climatic niche conservatism via range shifts. If a species could not track a warming climate by
advancing phenology like in (b), the species would need to move to higher latitudes (arrow) to maintain the temperature during flowering.
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rarely been explored [1,2] (but see [9]). Thus, there is an

urgent need to identify those factors that contribute signi-

ficantly to the strength of climatic niche conservatism

(i.e. factors that explain variation between the responses of

different species to climate change) in order to understand

and project niche dynamics across time and space under

changing climatic conditions.

This study focused on the potential link between species’

spatial and temporal responses to conserve climatic niche.

More specifically, we hypothesized that the level of species’

climatic niche conservatism through phenological changes

explains, at least partly, the reported wide variance between

species in the extent of range shifts and climatic niche conser-

vatism via range shifts. Failure to track a changing climate

during flowering has a detrimental effect, increasing the

risk of frost and drought damage [10], reducing competitive

ability [11] (particularly against species that are pre-adapted

or more responsive [12]), lowering productivity [13] and dis-

rupting temporal interactions between species [14], although

climatic conditions can also affect the fitness of plant species

outside the flowering season. Species can maintain climatic

niche during flowering under a warming climate by two
types of responses: range shift and phenological changes. For

example, the successful tracking of a warming climate through

phenological advances allows species to maintain climatic niche

without changing their geographical range (figure 1a,b). By con-

trast, species that cannot track a warming climate by effectively

advancing their phenology need to move to higher latitudes to

maintain their climatic niche during flowering (figure 1a,c).

Considering the reported wide variance in the extent of both

range shifts and phenological advances among species [6,15],

a complementary relationship would be expected between

these two types of species’ responses for maintaining climatic

niche under changing climate. Such a link between the magni-

tude of phenological responses and range shifts is expected

across the geographical range of each species, given that differ-

ent populations of the same species are adapted locally [16].

Some studies have emphasized the importance of phenology

in determining species’ distributional range (e.g. through

the effect of frost [17,18]). However, few studies to date have

explicitly tested the link between species’ spatial and temporal

responses to climate change [19].

Britain is an ideal study system for this purpose because

(i) historical changes in first flowering dates have been
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estimated for 405 plant species by applying a hierarchical

model to almost 400 000 observation records throughout the

country [20], and (ii) records on spatial distribution are avail-

able for 6669 higher plant taxa throughout Britain at two

census periods [21]. These extensive data enabled us to

explore the interacting dynamics of species’ realized niches

over space and time. Therefore, this study first quantified the

level of species’ spatial and temporal responses to a warming

climate, and consequent levels of climatic niche conservatism.

The following questions were then addressed (see also the elec-

tronic supplementary material, figure S1). (i) What species

characteristics determine the level of climatic niche conserva-

tism via phenological changes? (ii) Do species that cannot

track a warming climate via phenological changes show

more notable northward range shifts? (iii) As a consequence

of (ii), is there a complementary relationship between the

levels of climatic niche conservatism via phenological changes

and that through range shifts?
133017
2. Material and methods
(a) Climatic niche conservatism through phenological

changes
The level of temporal climatic niche conservatism in each species

was first quantified using data from the UK Phenology Network

(www.naturescalendar.org.uk) supplied by the Woodland Trust.

The data consisted of 395 466 records of first flowering dates

collected at multiple sites throughout the UK for 405 species

from 1753 to 2009. Amano et al. [20] applied a Bayesian analysis

of a hierarchical model to the data to estimate (i) a community-

level index, which summarizes a community-level nationwide

temporal trend of first flowering dates, and (ii) species-level

indices, which represent nationwide trends for each species.

The model explicitly takes into account the latitudinal difference

in first flowering dates between sites, but assumes the same phe-

nological change across latitudes within the same species when

estimating the species-level indices. The species-level index

shows the first flowering dates of the species at the mean latitude

of all records (i.e. irrespective of potential range shifts; see the

electronic supplementary material, appendix A and [20] for

further information on the data and model).

Next, using the species-level indices of first flowering dates

and central England temperature (CET) [22], changes in tempera-

tures experienced by the flowers of each species were estimated

to represent the level of climatic niche conservatism achieved

through the species’s phenological changes only, without range

shifts (i.e. the effectiveness of the species’s response illustrated

in figure 1b). The CET has been shown to be broadly representa-

tive of temperatures in other parts of Britain [23]. The daily mean

CET was downloaded from the webpage of the Meteorological

Office Hadley Centre (www.metoffice.gov.uk/hadobs/hadcet).

Temperatures experienced by the flowers of each species in

each year were defined as the mean daily CET in the week start-

ing from the first flowering date estimated by the species-level

index for that year and species. The change in temperatures

experienced by the flowers of each species was estimated by

the regression on years for the period between 1930 and 2009,

as information on species’ range shifts is only available after

1930 (see §2c for more details). Only native species (native

status ¼N or NH in the PLANTATT database [24]) whose indi-

ces exceeded 19 years were used in this analysis, based on an

earlier study which reported that, in most species, relatively accu-

rate estimates of the relationship between flowering dates and

temperature can be obtained with 20-year data [25].
(b) Effect of species characteristics on climatic niche
conservatism through phenological changes

Five species characteristics that can affect the level of climatic niche

conservatism through phenological changes were explored: (i)

species’ phenological responses to temperature, (ii) inter-annual

autocorrelations in first flowering dates, (iii) mean first flowering

dates, (iv) lag in phenological responses and (v) perennation. To

quantify these characteristics, species-level indices were first

regressed against the CET of one of the six months from the

month of mean first flowering date and the preceding five months

(see the electronic supplementary material, appendix B for the justi-

fication of this approach). The first-order autoregressive term was

also included in each regression model. The month of the model

with the highest R2 value was then defined as the month most

responsible for the flowering time of that species. The estimated coef-

ficients for temperature of this month were then used to represent

species’ phenological responses to temperature (days/8C) while

the first-order autoregressive term in the same model was used for

the inter-annual autocorrelations in first flowering dates. The lag in

phenological responses was defined as the difference between the

month most responsible for flowering time and the month of mean

first flowering date. Only native species whose indices exceeded 19

years were used in this analysis. Information on the perennation

(annual or perennial; biennial was included in perennial) of each

species was derived from the PLANTATT database [24].

Regression analysis was conducted to investigate the effect of

the five species characteristics on the level of climatic niche con-

servatism through phenological changes. The interaction term

between responses to temperature and the response lag was

also tested after centring both the variables. Models for all poss-

ible parameter subsets were compared in terms of parsimony

and prediction through the calculation of Akaike’s information

criterion for small samples (AICc) using the package MuMIn

[26] in R [27]. Of those species with estimates of responses to

temperature, only those with information on all the explanatory

variables were used for the analysis (n ¼ 246).

(c) Range shifts and climatic niche conservatism
through range shifts

The distribution records of British plant species, collected from

various sources, including the Botanical Society for the British

Isles’ vice-county recorder scheme, as well as dedicated surveys,

have been published as an atlas [28]. The atlas was updated [29]

when the original version was found to be outdated [30]. The

distribution data were obtained from this atlas, which is now

maintained online, as the vascular plant database, covering

6669 higher plant taxa in the British Isles [21]. Records in this

database were collected between 1629 and 2006, and are standar-

dized and presented in the form of distribution maps of species’

records at a 10 � 10 km resolution. The data for each species

were sorted to include only the records from two time periods:

1930–1960 and 1987–1999. These intervals correspond with the

full data collection periods for each edition of the atlas.

The distribution data were standardized to contain records

corresponding to a grid of 2646 10 � 10 km squares, which are

a comparable set of coordinates and do not include squares

recorded only in the 2002 atlas [29], for example some coastal

squares. The distribution data from Northern Ireland and the

Isle of Man were not used in this study, as the new atlas used

a different grid map for these areas, allowing no direct com-

parison with the first atlas. The mean latitude and temperature

of the first flowering month of each species’s distribution were

calculated from all 10 km square sites where the species was

recorded during the first (1930–1960) and second (1987–1999)

time periods. Note that first flowering months used to calculate

the range-wide mean temperature for each species were not

http://www.naturescalendar.org.uk
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based on our own phenological data, but derived from an

independent database (the Ecological Flora Database [31]).

Thus, the calculated range-wide temperatures were independent

of the estimated phenological changes between the two periods.

The difference in the mean latitude between these two periods

was used to define mean range shifts, while differences in

mean temperature were used to assess the degree of climatic

niche conservatism through range shifts only, without phenolo-

gical changes (i.e. effectiveness of the species’s responses

illustrated in figure 1c). Shifts in species’ northern and southern

range margins were also assessed to explore potential mechan-

isms underlying the revealed mean range shifts. Species’

northern and southern range margins were defined as 10% of

the most northern and southern 10 km squares occupied by

each species, and the differences in the mean latitudes of these

range margins between the two periods were used to define

shifts in species’ northern and southern range margins.

(d) Effect of climatic niche conservatism through
phenological changes on range shifts and the
link between the two types of climatic niche
conservatism

As well as the level of climatic niche conservatism via phenological

changes, this study focused on traits that can affect species’ range

shifts considered by other studies [32,33]: (i) dispersal abilities,

(ii) niche breadth (reflecting ecological generalization) and (iii) per-

ennation (reflecting generation time). Mean seed mass (mg) and

seed releasing height (m), both measures of dispersal abilities,

were derived from the LEDA Traitbase [34]. The number of main

habitats (as a measure of niche breadth) and perennation were

obtained from the PLANTATT database [24].

A regression analysis was conducted to investigate the effect of

the level of climatic niche conservatism via phenological changes on

species’ mean range shifts. In addition to the four explanatory vari-

ables described above, the initial mean latitude of each species’s

range was also included in the regression. The interaction terms

between the level of climatic niche conservatism via phenological

changes and each of the other five explanatory variables were also

included in the regression. All the explanatory variables were

centred, apart from a binary variable, perennation, and the level

of climatic niche conservatism via phenological changes, which

naturally followed a near-normal distribution around zero. As for

§2b, models for all possible parameter subsets were compared

through the calculation of the AICc, using the package MuMIn in

R. The same analysis was also conducted using shifts in species’

northern and southern range margins as the dependent variables.

Quantile regression was used to test a link between climatic

niche conservatism through phenological changes and that

through range shifts. When plotting changes in the range-wide

mean temperature against changes in mean temperatures during

flowering, the two variables are expected to be correlated particu-

larly at the upper boundary, on the assumption that species need

to conserve climatic niche at least either through phenological

changes or through range shifts, while some species may poten-

tially show niche conservatism via both the temporal and spatial

responses. Thus, we adopted quantile regression, which is an effec-

tive approach for evaluating the magnitude of boundaries of the

relationship between two variables (i.e. a correlation between

two variables at the upper or lower boundaries of scatter plots)

[35]. The choice of quantile to best represent the edge of a scatter

plot can be subjective [35]; thus the 75th, 85th and 95th percentiles

were used in this study. Quantile regression was implemented

using the package quantreg [36] in R.

Only native species with information on all the explana-

tory variables were used for both of the two analyses above

(n ¼ 244).
(e) Testing phylogenetic dependence of model residuals
Pagel’s l [37] was used to test whether phylogenetic comparative

methods were necessary in the analyses described in §2b,d above.

The estimation of l and the log-likelihood ratio test were performed

in R using code written by R.P.F. based on [38] (see the electronic

supplementary material, appendix C for more detail and results).
3. Results
(a) Climatic niche conservatism through phenological

changes and range shifts
Of the 293 species investigated, 132 showed a significant

p , 0.05) advance in first flowering dates during the 1930–

2009 period, while only three species showed a significant

delay (figure 2a). As a consequence of this phenological

advance, 267 species did not show a significant change

in mean temperature in the first flowering weeks, while

17 species showed a significant increase in mean temperature

and nine species a decrease (figure 2b). Of the 284 species inves-

tigated, 225 species showed a northward mean range shift while

59 species showed a southward shift (figure 2c). Despite these

range shifts, 103 species experienced an increase in mean temp-

erature within their ranges, although only 17 species were

exposed to an increase larger than 0.58C (figure 2d). By contrast,

181 species experienced a decrease in mean temperature within

their ranges but only five species were exposed to a decrease

larger than 0.58C (figure 2d).

(b) Effect of species characteristics on climatic niche
conservatism through phenological changes

The model selection procedure showed that six models with

the smallest AICc had Di below 2.0 (AICc of the best

model ¼ 21210.23, null model ¼ 21199.96; see the electronic

supplementary material, table S1), which provides substan-

tial evidence that these are the best models of those tested

[39]. A response lag was included in all six models, indicat-

ing its importance in explaining the level of climatic niche

conservatism through phenological changes, while species’

responses to temperature were included in four of the six

models and perennation in three models (see electronic sup-

plementary material, table S1). Overall, perennial species, as

well as those with weaker or lagged phenological responses to

temperature, were particularly likely to experience a greater

increase in mean temperatures in their first flowering weeks

(figure 3a–c). The interaction term between responses to

temperature and response lag was also included in two of the

six models with the smallest AICc (see electronic supplementary

material, table S1), indicating a stronger effect of responses

to temperature on the level of climatic niche conservatism via

phenological changes in species with a larger response lag

(figure 3a). Consequently, in species with a large response

lag (shown in orange in figure 3a), strong and weak responses

to temperature both caused climatic niche shifts, each associated

with a decrease and increase in mean temperatures in their first

flowering weeks, respectively (figure 3a).

(c) Effect of climatic niche conservatism through
phenological changes on range shifts

In the analysis of mean range shifts, 10 models with the smal-

lest AICc had Di below 2.0 (AICc of the best model ¼ 2246.44,
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null model ¼ 2222.41; see the electronic supplementary

material, table S2). Initial latitude and perennation were

included in all 10 models, while the degree of climatic niche

conservatism through phenological changes was included in

8 of the 10 models and its interaction with perennation in

7 (see electronic supplementary material, table S2). The esti-

mated coefficients indicated that annual species, as well as

those that were originally distributed at lower latitudes and

experienced greater increases in mean temperatures in their

first flowering weeks, showed greater northward mean range

shifts (see electronic supplementary material, table S2). The

interaction term indicated that the effect of climatic niche con-

servatism via phenological changes on mean range shifts was

particularly prominent in annual species (figure 4).

Mean range shifts were significantly associated with shifts

in both northern and southern range margins (linear regres-

sion: R2 ¼ 0.50; slope for northern margins ¼ 0.42, t ¼ 13.82,

p , 0.001; slope for southern margins ¼ 0.87, t ¼ 9.22,

p , 0.001). However, shifts in northern range margins were

not explained effectively by the explanatory variables in this

study; the null model had the smallest AICc and no variable

was included in more than one of the six models with Di

below 2.0 (see the electronic supplementary material, table S3

and figure S2). By contrast, in the analysis of shifts in southern

range margins, three models with the smallest AICc had
Di below 2.0 (AICc of the best model ¼ 2596.92, null

model ¼ 2569.09; electronic supplementary material, table

S4). The estimated coefficients in these three models indicated

that annual species, as well as those that (i) experienced greater

increases in mean temperatures in their first flowering weeks,

(ii) were distributed at lower latitudes in the first place and

(iii) were associated with a smaller number of habitats,

showed greater northward shifts in their southern range

margins (see electronic supplementary material, table S4).

The interaction between climatic niche conservatism via phe-

nological changes and perennation was also included in the

second best model (see electronic supplementary material,

table S4), indicating that the effect of climatic niche conserva-

tism through phenological changes on shifts in southern

range margins was particularly prominent in annual species

(see electronic supplementary material, figure S3).

(d) Link between climatic niche conservatism through
phenological changes and range shifts

The relationship between changes in mean temperatures

in the first flowering weeks and those in range-wide mean

temperature was significant for the 85th percentile (slope

(s.e.) ¼ 22.913 (1.297), t ¼ 22.247, p ¼ 0.026), but not for the

95th (slope (s.e.) ¼ 22.788 (3.912), t ¼ 20.713, p ¼ 0.477) and
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75th (slope (s.e.) ¼ 21.232 (0.978), t ¼ 21.260, p ¼ 0.209)

percentiles (figure 5). There was also a moderate number of

species that experienced increases both in mean temperatures

in the first flowering weeks and in range-wide mean tempera-

ture in the first flowering months (i.e. those shown in the upper

right region of figure 5). However, all but one of the annual

species were not located in this region; they had conserved cli-

matic niche at least either through phenological changes or

range shifts (orange dots in figure 5).
4. Discussion
The results of this study reveal the interacting dynamics of

species’ spatial and temporal responses for maintaining cli-

matic niche, and highlight key species characteristics that

drive niche dynamics in British plants.

Most importantly, we found a link between the level of

climatic niche conservatism through phenological changes

and the degree of northward range shifts. Species that experi-

enced greater increases in temperature during flowering time
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(i.e. those that failed to maintain climatic niche through pheno-

logical changes) showed greater northward mean range shifts,

causing a complementary relationship between the levels

of climatic niche conservatism via phenological changes

and that through range shifts. Plant flowering phenology is

shaped by the interacting dynamics of both biotic and abiotic

factors affecting species’ fitness [14,40]. However, accumulated

evidence has shown that advancing flowering time with warm-

ing maintains, or even increases, fitness [41], particularly in

temperate regions [42], causing directional selection favouring

earlier flowering [43]. Thus, the northward mean range shifts in

species experiencing warming temperatures during flowering

have presumably been caused by local extirpation of such

species failing to advance their phenology sufficiently. Our

analysis shows that the level of climatic niche conservatism

through phenological changes was also associated with shifts

in southern range margins. This result suggests that such

local extirpation has been occurring particularly at species’

southern range margins. By contrast, shifts in northern range

margins were not associated with climatic niche conservatism

through phenological changes, which indicates that new colo-

nization at northern range margins might be explained by

other factors, such as more direct measures of dispersal abilities

(e.g. dispersal distances), though such data are not available for

most species and thus are not used in this study.

It is also noteworthy that some species seem to have experi-

enced a decrease in temperature during the same period. The

decrease in temperature during flowering has been partly

due to the over-tracking of a warming climate through pheno-

logical changes in some species, caused by a large response lag

combined with strong responses to temperature (figure 3a).

These decreases in temperature during flowering, however,

seem to have been compensated by southward mean range

shifts, particularly in annual species (species shown in the

lower left region of figure 4). This study could not find evidence

that climatic niche conservatism through phenological changes

is important in determining species’ northern range margins.

However, such over-tracking of a warming climate might

cause local extirpation of species at their northern range mar-

gins, for example through a higher risk of frost damage [44],

and thus is worth exploring further in future studies. On the

other hand, the decline in the range-wide mean temperature

(figure 2d) can be at least partly explained because regions at

higher latitudes in Britain are generally associated with

higher mean altitudes. Species are most likely to start coloniz-

ing from low-altitude sites when moving northwards, in which

case the mean temperature calculated in each grid cell at a

10 km resolution might underestimate the mean temperature

actually experienced by the species, particularly at higher lati-

tudes associated with higher mean altitudes. Data at a finer

resolution would enable a more accurate assessment of climatic

niche conservatism through range shifts.

The results also showed that even species with high cli-

matic niche conservatism might not move to higher latitudes,

as they instead track warming temperatures during flowering

by advancing their phenology. Thus, we need to be careful

about the extent to which we rely upon climate envelope

models that focus only on climatic niche conservatism through

range shifts when projecting future demands on species to

shift ranges. Although climatic niche conservatism through

phenological changes has received little attention in earlier

studies on species’ range shifts [2,19], our study suggests that

it is one of the key processes that can improve our ability to
project species-specific range shifts, if included in mechanistic

models. This is also supported by earlier modelling studies

that suggest that accounting for phenology can have a signifi-

cant consequence for projections of species’ range shifts

[17,18]. Our study highlights that simple climate envelope

models will be ineffective in projecting spatial responses of

species that (i) show high climatic niche conservatism through

phenological changes and thus may not move to higher lati-

tudes, and (ii) do not move to higher latitudes despite failure

to maintain climatic niche through phenological changes.

This study also reveals key species characteristics that

should be of help in identifying such species. Species with

strong, immediate phenological responses to temperature

have shown high climatic niche conservatism through pheno-

logical changes. In particular, the response lag was among

the most important drivers of climatic niche conservatism

via phenological changes. As the rate of temperature increase

varies between months (see the electronic supplementary

material, figure S4), response lag can easily lead to the mistrack-

ing of actual temperature changes during flowering time, when

combined not only with weak responses to temperature but also

with strong responses, as shown in figure 3a. Although the pres-

ence of such a response lag, particularly in late-flowering

species, has been reported by earlier studies [45], its ecological

consequence has attracted little attention. The importance of

temperature in explaining inter-annual variations in flowering

dates was not dependent on flowering time (see electronic sup-

plementary material, figure S5), indicating that temperature can

be important even for late-flowering species, but some of those

species could not track warming temperatures effectively

because of the response lag.

The perennation of species was another key trait that

affected climatic niche conservatism through both phenological

changes and range shifts. In contrast to the perennial species

studied here, 38 of which have tracked warming temperatures

neither spatially nor temporally, all but one of the annual

species have successfully conserved their climatic niche at

least either by advancing flowering time or by moving north-

ward. Furthermore, in the analysis of both mean range shifts

and shifts in southern range margins, the interaction term

between climatic niche conservatism through phenological

changes and perennation seemed to be influential, suggesting

that annual species have a stronger link between spatial and

temporal niche dynamics. Lifetime fitness in annual plants

may be more affected by the flowering time in any particular

year compared with perennial species, as their fitness relies

on only one reproductive season, and flowering during times

of favourable conditions may be a more critical issue [42].

This means that the selection on flowering time tends to be

stronger in annual plants [42]. Annual plants also have greater

potential to adapt to changes in climate because of their short

generation time [46]. In fact, larger range shifts in response to

climate change have previously been reported for species

with shorter life-cycles in plants [47] and fish [48]. Our study

has provided additional evidence on the importance of species’

generation time in governing the interactive dynamics of spatial

and temporal climatic niche.

The findings in this study, however, need to be carefully

interpreted, as our models generally had a low explanatory

power. Also, only one of the three models with different quan-

tiles was significant in the analysis testing the link between

climatic niche conservatism through phenological responses

and range shifts. This may be partly due to the methodological
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limitations of this study. For example, this study simply

defined species’ climatic niche on a single dimension (i.e.

mean temperature), which represents a simpler quantification

of species’ niche than, for example, parameters defined on

multiple dimensions [49]. Considering that niche defined

on a single dimension usually appears to be conserved more

than those defined on multiple dimensions [50], we anticipate

that a more detailed definition of species’ climatic niche would

lead to a greater variation in the level of conservatism among

species, potentially allowing us to detect a clearer link between

spatial and temporal climatic niche dynamics. The use of the

first flowering dates and coarse-resolution data on temperature

within species’ range, though inevitable due to the limited

availability of other data, might have also impeded the accurate

evaluation of species’ climatic niche. Northward range shifts

may have also been underestimated for species whose ranges

exceed Britain. Thus, using data from the species’ entire

range (unavailable for this study) might also enable the detec-

tion of a clearer relationship between species’ spatial and

temporal responses. Species’ range shifts were estimated by

comparing distribution records in 1930–1960 and 1987–1999,

assuming that among-species patterns have remained the

same after 1999, so estimates of range shifts would also

be improved by using more recent records, when available.

Incorporating the effect of altitudinal range shifts would

also improve the estimates of species’ spatial responses.

Meanwhile, there may be other factors that were not con-

sidered in this study but could be important in regulating

species’ range shifts. For example, the fitness of plant species

could also be affected by climatic conditions during the

non-flowering season [17], potentially leading to a weak

relationship between the maintenance of climatic niche

during flowering through phenological changes and range

shifts. Environmental changes in the more human-populated

southern part of Britain might have caused range shifts even

in species that did not experience an increase in temperature

during flowering.
Despite these methodological limitations, this study,

using historical records of changes in the spatial distribution

and phenology of British plant species, has successfully

detected a link between species’ spatial and temporal

dynamics of climatic niche, and species characteristics affecting

the dynamics. Although the low explanatory power of the

analysis indicates that knowledge obtained in this study

needs to be explored further before generalization, it should

be of use in efforts to project climate-change-induced range

shifts in plants. For example, annual species, as well as those

with strong, immediate phenological responses to temperature,

showed high climatic niche conservatism through phenologi-

cal changes, and thus may require phenological processes to

be incorporated in mechanistic models if better projections of

climate change impacts are to be produced. However, even

if such mechanistic models include phenological processes, it

might be difficult to project range shifts more accurately in per-

ennial species, as a substantial number were revealed to

conserve climatic niche neither spatially nor temporally. Such

knowledge obtained by linking species characteristics and

spatial and temporal dynamics of climatic niche in plants

also needs to be secured for other taxa showing variations in

phenological changes and range shifts, in order to assess the

complex consequences of climate change for biodiversity.
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