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Summary

1. The scarcity of reliable long-term phenological data has severely hindered the study of the
responses of species to climate change. Biological collections in herbaria and museums are potential
sources of long-term data for such study, but their use for this purpose needs independent valida-
tion. Here we report a rigorous test of the validity of using herbarium specimens for phenological
studies, by comparing relationships between climate and time of peak flowering derived from her-
barium records and from direct field-based observations, for the terrestrial orchid Ophrys sphegodes.
2. We examined herbarium specimens of O. sphegodes collected between 1848 and 1958, and
recorded peak flowering time directly in one population of O. sphegodes between 1975 and 2006.
The response of flowering time to variation in mean spring temperature (March—May) was virtually
identical in both sets of data, even though they covered different periods of time which differ in
extent of anthropogenic temperature change. In both cases flowering was advanced by ¢. 6 days per
°C rise in average spring temperature.

3. The proportion of variation in flowering time explained by spring temperature was lower in the
herbarium record than in direct field observations. It is likely that some of the additional variation
was due to geographical variation in collection site, as flowering was significantly earlier at more
westerly sites, which have had warmer springs, over their range of 3.44° of longitude.

4. Predictions of peak flowering time based on the herbarium data corresponded closely with
observed peak flowering times in the field, indicating that flowering response to temperature
had not altered between the two separate periods over which the herbarium and field data were
collected.

5. Synthesis. These results provide the first direct validation of the use of herbarium collections to
examine the relationships between phenology and climate when field-based observational data are
not available.
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Introduction

Phenological events respond directly to climate. Recent
climate change has undoubtedly affected the timing of devel-
opment and seasonal events in many groups of organisms,
including amphibians (Beebee 1995), birds (Crick et al. 1997),
fungi (Kauserud et al. 2008) and plants (Sparks & Carey
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1995; Fitter & Fitter 2002). Understanding the effects of
recent climate change is a vital step towards predicting the
consequences of future change. Moreover, only by elucidating
the responses of individual species will we be able to predict
the potentially disruptive effects of accelerating climate
change on species interactions.

Detecting phenological trends in relation to long-term
climate change is not straightforward. Because trends can be
concealed by short-term inter-annual climate variation
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(Badeck et al. 2004), long datasets are needed. For most
species, data collected specifically for the study of climate-
induced phenological change are not available, or are difficult
to find, reflecting the scarcity of long-term monitoring schemes
(Sparks & Carey 1995). The choice of species for long-term
studies of phenology has thus been dictated up to now by the
availability of suitable field records. A further major obstacle is
that most long-term data only record the beginning of pheno-
logical events in populations, such as dates of first flowering.
Miller-Rushing, Inouye & Primack (2008) have shown that the
use of such data to infer changes in phenology can be unreli-
able, and they advise that dates on which phenological stages
reach their peak are preferable. However, long-term field-
based records of the dates on which phenological events are
at their peak are extremely rare.

Specimen-based records in biological collections are another
potential source of data, verifiable in both space and time, for
the study of climate-induced phenological change. Until
recently, the potential of such records has been largely over-
looked (Suarez & Tsutsui 2004), even though the only data
available for studying phenological trends in many species
are those held in natural history collections in museums or
herbaria. Recent phenological studies have utilised less ortho-
dox data sources, including historical archives (Aono & Kazui
2008), photographs (Miller-Rushing ez al. 2006; Sparks,
Huber & Croxton 2006; Crimmins & Crimmins 2008) and
herbarium specimens (Primack ez al. 2004; Bolmgren &
Lonnberg 2005; Lavoie & Lachance 2006; Miller-Rushing
et al. 2006; Bowers 2007; Kauserud et al. 2008; Gallagher,
Hughes & Leishman 2009). Herbarium records are unique
amongst these sources of information in that they capture an
individual plant’s phenological state at the time and location
of collection, and therefore may represent a substitute for field
observation. Herbarium specimens are also likely to have been
collected when phenological stages such as flowering are near
their peak, rather than at an early or late stage in such seasonal
events. Recent studies suggest that herbarium collections may
provide data that can be exploited in climate change studies,
because findings have been broadly in line with trends reported
in the phenological literature (Sparks 2007) and have sup-
ported the predictions of physiological models of phenological
events such as flowering (Bowers 2007). Nevertheless, they
depend on averaging-out the numerous possible influences and
biases involved in a collection process that was not designed
with the study of phenology in mind, within which the climatic
signal-to-noise ratio might be low. Given the absence of long-
term monitoring for most species, there is little direct evidence
from which to evaluate the potential of averaged trends in
events such as flowering time, derived from herbarium
collections, as proxies for field data.

We report a critical comparison of independent field- and
herbarium-derived data as predictors of flowering time in a
species (the terrestrial orchid Ophrys sphegodes) for which a
unique long-term phenological record of peak flowering time
was available (Hutchings 2010). As the flowering time of plants
that flower in early summer is generally advanced after warmer
springs, we examined relationships between the flowering date

of O. sphegodes and climate in the 9 months prior to flowering.
This corresponds with the period from the end of tuber dor-
mancy to flowering in this species. Specific hypotheses were (i)
that flowering date would be advanced by warmer springs, (ii)
that the relationship between flowering date and mean spring
temperature would be the same in data derived from herbar-
ium records and annual field observations, and therefore (iii)
that in a particular species for which this test is possible, her-
barium records would be validated both as an effective proxy
for long-term monitoring in climate change research and as a
predictor of phenological responses to future climate change.

Materials and methods

STUDY SPECIES

Ophrys sphegodes (the early spider orchid) is a species of southern and
central Europe, with a northern range limit that includes southern
England. It is associated with ancient, species-rich grassland over
calcareous soils. At present the species is rare in the UK, where it is
largely confined to Dorset, West and East Sussex and Kent (Lang
1989; Harrap & Harrap 2005).

Although the length of the mycotrophic, subterranean phase of the
life cycle of O. sphegodes is unclear, it is a short-lived species after its
first appearance above ground, rarely flowering for more than three
consecutive years. Few plants survive for more than 10 years after
initial emergence (Hutchings 1987, 2010) and most survive for less
than 3 years. In the UK, the leaves of O. sphegodes emerge above
ground in September or October (Hutchings 1989). The flowering
period is relatively short, commencing during late April or early May,
and usually ending by late May (Lang 1989). In most populations in
the UK inflorescences bear from one to six flowers (usually two or
three), which open in succession from the bottom of the inflorescence.
Pollination is followed by rapid withering of the flower. Sanger &
Waite (1998) found that the number of inflorescences bearing ripen-
ing seed peaked at the end of June and that rapid dieback of the plant
ensued; few plants remain above ground at the end of July. This rela-
tively short reproductive period would be expected to conserve any
climatically-induced phenological signal.

HERBARIUM DATA

We examined all 192 specimens of O. sphegodes held in herbaria at
the Natural History Museum, London (BM, 133 specimens) and
Royal Botanic Gardens, Kew (K, 59 specimens) to verify identifica-
tion. All of the specimens originated from southern coastal counties
of England (Dorset, Isle of Wight, Hampshire, East and West Sussex,
and Kent), reflecting the limited historical distribution of O. spheg-
odes (Carey & Dines 2002). The geographical range of the sites from
which specimens were collected was 3.44° (decimal) longitude and
0.76° (decimal) latitude. Specimens with incomplete data for site of
collection and collection date were discarded. Because of the rarity of
O. sphegodes in the UK, the dataset was comparatively small and
therefore it was important to ensure that the records represented the
peak flowering stage as closely as possible. For this reason only speci-
mens with at least 60% of their flowers open were included in the
study; normally most of the flowers are open at the same time in
0. sphegodes. Some of the herbarium sheets consisted of multiple
specimens mounted together. As the specimens in such cases had been
collected by a single collector, on the same day and at the same loca-
tion, they were treated as non-independent and the mean percentage
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of open flowers was derived. Individuals in fruit or with senescent
flowers were excluded.

We rejected 53% of the 192 specimens: 2 were damaged, 9 had
unclear or illegible records of collection date, 31 were not dated, 60
were imprecisely dated (only the month or year), 3 were in seed, and 1
presented fewer than 60% of flowers open. Nine specimens were
duplicates (multiple specimens) and therefore mean results were used.
The final data set comprised 77 specimens providing at least one data
point for each of 57 years, spanning a 111-year period from 1848 to
1958.

FIELD DATA

Records of the peak flowering time of O. sphegodes were made in 25
of the 32 years between 1975 and 2006 in a demographic study of a
population consisting of many thousands of plants at Castle Hill
National Nature Reserve, East Sussex, UK (Hutchings 2010). Peak
flowering was based on assessment of the entire population to give a
central tendency that would fit the flowering phenology of as many
individual plants as closely as possible.

METEOROLOGICAL DATA

Mean monthly Central England Temperature (CET) records for the
period 1848-2006 (Parker, Legg & Folland 1992) were obtained from
the UK Meteorological Office (http://hadobs.metoffice.com/hadcet/
cetml1659on.dat). This is the only complete climate record available
for the years during which the herbarium records and field data were
collected. However, data for Central England are strictly representa-
tive only for a roughly triangular area enclosed by Bristol, Preston
and London (Parker, Legg & Folland 1992). This is to the north of
the distribution range of O. sphegodes. Monthly mean temperatures
were available from two Meteorological Office weather stations on
the south coast, in locations corresponding with eastern and western
centres of the distribution of O. sphegodes. Eastbourne, East Sussex
UK, 21 km east of the Castle Hill field site, operated for the period
during which the field records were collected. Monthly minimum and
maximum temperature data were available for Southampton, to the
west, for all but 5 of the 111 years of the collection period covered by
the herbarium specimens. Data from both of these collection sites
would be expected to represent the climate within the distribution
range of O. sphegodes better than the climate records available from
CET. The means of monthly minimum and maximum temperature
were used for both stations. Historical temperature data were not
available closer to any of the sites of collection of the individual speci-
mens in the herbarium records.

ANALYSIS

The distribution of collection dates in the herbarium dataset for
18481958, expressed as number of days after 1 April, was checked
for normality and presence of outliers. The peak flowering date for
the Castle Hill population in the years 1975-2006 was similarly
expressed as days after 1 April.

Both sets of flowering phenology data were examined for relation-
ships with mean CET temperature data from the 9 months prior to
the flowering season (i.e. the period of growth following breaking of
tuber dormancy the previous summer). These data included mean
monthly temperature and its averages over successive 3-month
periods (September—November, December—February, and March—
May). This was carried out to establish which temperature variables
had the highest predictive power for flowering time in both sets of
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Table 1. Comparison of correlations between flowering date and
temperature for the herbarium records and the field data.
Correlations are shown with mean temperatures for 3-monthly
periods and individual months in the same year as flowering
(January-May) or in the year previous to flowering (September—
December). A negative correlation indicates that a higher mean
temperature is associated with an earlier flowering date

Herbarium data Field data
Period of mean (1848-1958) (1975-2006)
temperature n =177 n =25
Seasons:
September—November —-0.004 -0.072
December—February —-0.065 -0.610%*
March-May —0.426%* —0.801%*
Months:
September 0.008 -0.273
October 0.108 0.226
November —-0.106 -0.171
December 0.047 -0.085
January —-0.003 —0.579**
February -0.159 —0.549%*
March —0.396%** —0.609%**
April —0.153 —0.405*
May —-0.259* —0.592%*

¥*pP < 0.01; *P < 0.05.

phenological data. Multiple regressions using mean temperatures for
the individual months failed to produce a single model that could be
applied to both of the datasets, because of collinearity between the
variables, and the fact that the models included different individual
months for the two data sets. However, the mean temperature for the
3 months from March to May had the highest individual correlation
with peak flowering date in both sets of data in an analysis of single
variables (Table 1). This was designated ‘mean spring temperature’
and was adopted as the single predictor variable in comparisons of
the phenological responses in herbarium and field data. Models using
mean spring temperature accounted for only marginally less variation
than the best combinations of months in separate stepwise (forward)
multiple regressions. In order to investigate whether distance from
the weather station influenced the relationship, the phenological anal-
ysis was repeated using Eastbourne mean spring temperature data for
the field phenological regressions and equivalent Southampton data
for the herbarium phenological regressions.

Variation in flowering time among the herbarium specimens was
further investigated using a regression on (decimalised) longitude of
origin. This sought to identify geographical sources of variation.

The linear regression model derived from the herbarium data and
CET was used to predict peak flowering dates from mean spring tem-
perature for the years between 1975 and 2006 for which field observa-
tions were available. Regression analyses were carried out with sess 16
(SPSS Inc., Chicago, IL, USA). Slopes and intercepts of regressions
were compared using Graphpad Prism 5 (Graphpad software Inc.,
La Jolla, CA, USA). Predicted flowering dates were compared with
observed flowering dates using principal axis regression (Sokal &
Rohlf 1969).

Results

Data derived from herbarium specimens over the 111-year per-
iod from 1848 until 1958, and recorded in the field between
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1975 and 2006, both confirmed the importance of spring tem-
perature in determining flowering time. We found significant
individual correlations between peak flowering date and sev-
eral measures of mean temperature in the CET records in the
preceding months (Table 1). For herbarium material, there
were significant correlations with mean temperature in March
and May of the year of flowering but the highest correlation
was with mean temperature over the 3 month period from
March—May. Results for the field data were similar, but with
significant correlations for January, February, March, April
and May. The strongest correlation was again with the mean
for the period March—May.

As predicted, warmer years were associated with earlier
flowering. The regression of flowering date obtained from the
herbarium specimens on mean March—May (spring) tempera-
ture (Fig. la) accounted for 18% of the variation in flowering
time. A 1 °C increase in mean temperature between March
and May was associated with an advance in flowering of
6.5 days. Analysis of the field data yielded strikingly similar
results. Linear regression of flowering date on mean spring
temperature accounted for 64% of the variation in date of
flowering (Fig. 1b)and a 1 °C increase in mean spring temper-
ature was associated with an advance in flowering of 6.7 days.
The regression models derived from the herbarium data and
field data were statistically indistinguishable: neither the gradi-
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Fig. 1. Relationships between flowering date (expressed as days after
1 April) and mean spring temperature (March-May) in Central
England derived from (a) herbarium records from 1848 to 1958
(v = 99.54—6.51x, r° = 0.182, P < 0.001, n = 77) and (b) field
data between 1975 and 2006 (y = 101.88-6.69x, o= 0.642,
P < 0.0001,n = 25).

ents (Fyog = 0.0035, P = 0.952) nor the intercepts
(F199 = 0.0908, P = 0.764) were significantly different, indi-
cating that the phenological response to temperature was the
same during the different periods over which the two sets of
data were collected.

Applying the same analysis with less geographically distant
temperature data for the field and herbarium records gave sig-
nificant and strikingly similar results. Spring temperature at
Southampton accounted for 13% of the phenological varia-
tion in herbarium data (Fig. 2a) and Eastbourne temperature
accounted for 59% of that in the field data. In both cases
flowering advanced by 5.7 days per 1 °C increase in spring
temperature. The two regressions were again statistically indis-
tinguishable (gradients, Fjo3; = 0.00007, P = 0.993; inter-
cepts, Fi o4 = 0.854, P = 0.358). Furthermore, the gradients
of the two regressions of field data on temperature recorded at
Eastbourne and CET were not significantly different
(F146 = 0.481, P = 0.491), and neither were the gradients of
the two regressions with herbarium data using Southampton
and CET temperature records (F) 45 = 0.130, P = 0.719);
this indicates that the predicted flowering responses of
the plants to temperature were consistent irrespective of the
temperature records used. In both of these comparisons the
intercepts were significantly different (field data, F, 4; = 14.6,
P = 0.004; herbarium data, Fj 46 = 10.3, P = 0.002),
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Fig. 2. Relationships between flowering date (expressed as days after
1 April) and mean spring temperature (March-May): (a) between
herbarium records from 1855 to 1958 and temperature at Southamp-
ton(y = 99.8-5.66x, ¥ = 0.134, P = 0.0016,n = 72); (b) between
field data from 1975 to 2006 and temperature at Eastbourne
(v = 97.7-5.68x,1° = 0.586, P < 0.0001,n = 25).
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Fig. 3. Relationship between flowering date (expressed as days after
1 April) and longitude of collection site for the herbarium records.
Negative values of decimalised longitude are westerly (y =
45.74-4.86x,r° = 0219, P = <0.001,n = 69).
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Fig. 4. Relationship between observed flowering date in the field (y,)
in 25 years between 1975 and 2006, and flowering date predicted from
herbarium data for the same years (y,). The principal axis regression
(solid line) is y; = —0.173 + 1.021y,, r* = 0.63, P < 0.001, n =
25. The dashed line would apply if there were exact correspondence
between the observed flowering date and the predicted flowering
date.

reflecting the differences between the temperature records
used.

The effect of longitude of origin on the flowering time of
herbarium specimens was significant (Fig. 3). Flowering was
earlier at more westerly collection sites by an average of
4.86 days per degree longitude.

The regression model derived from herbarium specimens
(1848-1958) and CET was used to predict flowering dates for
each of the 25 years between 1975 and 2006 for which there
were field records of time of flowering. These predictions were
highly correlated with the observed peak flowering dates
(P < 0.01); the principal axis regression between observed
and predicted dates had a coefficient close to unity (1.021) and
accounted for 63% of the variation (Fig. 4).
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Discussion

Although biological collections can potentially provide valu-
able evidence of the impacts of climate change on the phenol-
ogy of plant and animal species (Sparks 2007), their value as a
proxy for field data has not previously been tested indepen-
dently for any species. Miller-Rushing ez al. (2006) compared
flowering dates in recent benchmark years with those derived
from historical photographs and herbarium specimens (1900—
1921) for a range of species and found that not only were the
deviations highly correlated with the corresponding differences
in spring temperature but they yielded a trend that was very
similar to that observed in independent field data of first flow-
ering dates for the years 1887-1903. Bolmgren & Lonnberg
(2005) established correspondence between flowering times
derived from herbarium records and phenological observa-
tions, but did not investigate the underlying climatic drivers.
The power of historical collection data to predict the conse-
quences of future climate change needs to be tested directly.
The availability of field data for the rare terrestrial orchid
Ophrys sphegodes, recorded at a single site in the UK over a
32-year period, provided a unique opportunity to seek valida-
tion of the relationship between flowering date and mean
spring temperature that was apparent from analysis of data
from herbarium specimens collected over a much longer, and
different, period of years. The comparison is greatly strength-
ened by the fact that peak flowering time was recorded in the
field, rather than date of first flowering, which is more common
in long-term phenological records. It is now clear that first
flowering dates may not be ideal measures of plant responses
to climate change, because the extremes of flowering distribu-
tions are more susceptible to confounding effects than central
values (Miller-Rushing, Inouye & Primack 2008). Herbarium
collections also tend to reflect peak flowering, as collectors gen-
erally aim to obtain prime specimens in full flower, as testified
by the fact that we had to discard only one specimen in which
too few flowers were open to satisfy our sampling criterion.
Both historical and contemporary data showed that the
peak flowering date of O. sphegodes was earlier in years with
warmer springs, as expected (see also Hutchings 2010). This
was the case both when the two phenological records were
related to a common temperature record (CET) and when field
and herbarium records were related to different but more geo-
graphically proximate temperature records (Eastbourne and
Southampton respectively). The close correspondence between
field and herbarium regressions, irrespective of the geographi-
cal locations of the temperature records tested, argues for the
robustness of the relationships. Furthermore, using geographi-
cally different temperature records did not significantly alter
the results for either contemporary or historical sources of
data. Previous phenological studies have found similar correla-
tions between flowering date and measures of spring tempera-
ture in spring- and summer-flowering species. The estimated
advance in peak flowering date of 5.7-6.7 days per 1 °C rise
in temperature in O. sphegodes is within the range reported
for advance in first flowering date in other species in the UK.
Fitter et al. (1995) reported a mean advance of first flowering

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Journal of Ecology



6 K. M. Robbirt et al.

date of 4.4 days per 1 °C for 243 species at a single locality but
with considerable differences between species; similarly, first
flowering dates of 24 species, averaged across the UK,
advanced between 2 and 10 days per 1 °C increase in tempera-
ture (Sparks, Jeffree & Jeffree 2000).

The relationships between peak flowering date and spring
temperature derived from contemporary and historical data
for O. sphegodes were nearly identical, indicating a common
response to spring temperature, notwithstanding that the his-
torical collection and field observation periods were dissimilar
in length, separated in time and different in geographical
extent. This consistent response is important, as the pace of cli-
mate change has accelerated since 1975 when the field studies
were initiated (IPCC 2007). None of the herbarium specimens
was collected after 1958 and they therefore largely pre-date the
period of fastest anthropogenic climate change. Because the
field and herbarium data were independent, it was possible also
to test the power of the earlier herbarium records to predict the
effects of subsequent climatic warming. Importantly, although
there was some variation between years in the accuracy of pre-
dictions, the overall predictive power was extremely good, with
the principal axis regression line for predicted and observed
values lying close to the ideal 1 : 1 relationship.

Rigorous validation of the type presented here, although
only based on data for a single species to date, serves to
increase confidence in the use of biological collections for pre-
dicting future phenological responses to climate change.
Despite the strong underlying mean temperature signal, varia-
tion in flowering time may be influenced by a myriad of fac-
tors, and there are likely to be more confounding factors in
the herbarium record than in the field data, because it
includes specimens taken from a wider range of geographical
locations and microhabitats. Predictions based solely on
mean spring temperature in Central England accounted for
18% of the variation in flowering date seen in herbarium
specimens, but 64% of variation in flowering date in the field
records from a single site. Use of more local temperature
records in fact accounted for slightly (but not significantly)
less variation in both cases, possibly because of the use of
minimum and maximum temperatures averaged on a
monthly rather than daily basis. Another important explain-
able source of variation in flowering time in the herbarium
record was the geographical range of collection sites, as seen
in the significant regression on longitude. This was the major
gradient in distribution, and earlier flowering at westerly sites
is consistent with a climatic trend to warmer springs in the
west. This suggests that, had local temperature records been
available for each collection site, even more of the variation
in flowering time would have been accounted for by spring
temperature. Despite the lower signal-to-noise ratio in the
herbarium record, the signal was the same as in the field data
and it was applicable over a much longer period. Bowers
(2007) used physiological models based on previously deter-
mined flowering requirements (trigger dates and heat sums
above a 10 °C threshold) to predict, retrospectively, advanc-
ing flowering dates of shrubs in the Sonoran desert through
the 20th century. A correlated tendency towards earlier collec-

tion dates in herbarium material over the same period sup-
ported the hypothesis that there had been a genuine response
to changing climate, especially as there was no evidence that
collector behaviour had changed over the period of study.
However, the use of herbarium specimens assumes that they
are representative samples of the population from which they
are drawn. The potential for bias resulting from variation in
collection effort has been voiced as a concern by previous
authors (Case et al. 2007). Our study demonstrates both that
collector bias is not a problem when the herbarium data
accepted for use in scientific studies are subjected to carefully
controlled selection criteria, and that it is not necessary to
have hundreds of specimens in order to extract useful infor-
mation about the relationships between climate and time of
flowering. Although further validation using additional
species with different phenologies is desirable, the extreme
scarcity of suitable field observations limits opportunities for
this to be achieved at the present time. As a spring-flowering
plant, O. sphegodes falls into a group identified as having
flowering phenologies that are likely to be particularly sensi-
tive to temperatures early in the year (Fitter et al. 1995),
although both the scale and direction of changes in phenology
can be idiosyncratic and potentially influenced by additional
climatic drivers (Crimmins, Crimmins & Bertelsen 2010).
Species that flower later in the summer may be less sensitive
to warmer temperatures, and species that reproduce in the
autumn may be sensitive in the opposite direction; analysis of
34 500 dated herbarium records of autumn-fruiting of mush-
rooms in Scandinavia has revealed an average delay of
12.9 days since 1980, as the growing season has been extended
by warming (Kauserud et al. 2008).

For most species of plants and animals, biological collec-
tions are the only source of long-term phenological data. It is
estimated that some 2.5 billion specimens of flora and fauna
are held in biological collections worldwide (Graham et al.
2004). The current drive toward digitisation of collections is
facilitating the dissemination of the information they contain.
An estimated 60 million records are already available for a
wide range of taxa via internet information networks such as
the Global Biodiversity Information Facility and HerpNET
(Graham et al. 2004). With appropriate validation, the exploi-
tation of this resource will have increasing relevance and value
(Prather et al. 2004) as we seek to understand and predict the
consequences of continuing climate change.
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