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Herbarium records provide a broad spatial and temporal range with which to inves-
tigate plant responses to environmental change. Research on plant phenology and its 
sensitivity to climate has advanced with the increasing availability of digitized herbar-
ium specimens, but limitations of specimen-derived data can undermine the inferences 
derived from such research. One issue that has received little attention is collection site 
uncertainty (i.e. error distance), a measure of confidence in the location from which a 
specimen was collected. We conducted comparative analyses of phenoclimatic models 
to determine whether spatial deviations of 2, 5, 15 or 25 km between recorded and 
simulated collection sites, as well as the error distance reported in digitized records, 
affect estimates of the phenological sensitivity of flowering time to annual temperature 
and precipitation in a widespread annual California wildflower. In this approach, we 
considered both spatial and interannual variation in climatic conditions. Simulated 
site displacements led to increasingly weak estimates of phenological sensitivity to tem-
perature and precipitation anomalies with increasing distances. However, we found no 
significant effect of reported error distance magnitude on estimates of phenological 
sensitivity to climate normals or anomalies. These findings suggest that the spatial 
uncertainty of collection sites among specimens of widely collected plant species may 
not adversely affect estimates of phenological sensitivity to climate, even though real 
discrepancies and georeferencing inaccuracy can negatively impact such estimates. 
Collection site uncertainty merits further attention as a potential source of noise in 
herbarium data, especially for research on how plant traits respond to spatial and inter-
annual climatic variation.

Keywords: climate change, error distance, georeferencing, herbarium, phenology, 
spatial uncertainty

Introduction

Natural history collections are an excellent resource for studying how organisms 
change over time and space. For plants, wild-collected pressed and dried specimens 
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are archived and curated in herbaria. These specimens pro-
vide snapshots in time, often over broad geographic gradients 
and long historical periods, with which researchers can exam-
ine spatial and temporal patterns concerning species’ phe-
notypic characteristics, life history and local environmental 
conditions (Lavoie 2013, Lang et al. 2019). Many herbaria 
have undertaken digitization efforts to make these records 
available online, often including high-resolution images of 
specimens (Soltis 2017, Yost et al. 2020). Herbarium-based 
research is intensifying thanks in part to this increasing avail-
ability of data, revealing species’ phenotypic responses, both 
evolutionary and plastic (adaptive and genetically based 
versus environmentally induced, respectively), to local and 
global environmental change (Leger 2013, Heberling et al. 
2019, Lang et al. 2019). As this research progresses, so does 
the need to understand how herbarium records can be used 
most effectively to answer pressing questions in plant ecology 
and evolution.

One such area of specimen-based research that relies on 
herbaria is plant phenology, the study of the timing of seasonal 
life history stages (Primack et al. 2004, Miller-Rushing et al. 
2006, Willis et al. 2017). Changes in the timing of pheno-
logical events such as germination and first-flowering date 
can have serious demographic and evolutionary conse-
quences for plants because these events determine exposure 
to herbivores, pollinators and favorable (or stressful) environ-
mental conditions (Ehrlén 2015). Links between warming 
temperatures and the advancing specimen collection dates 
of angiosperms are often used as evidence of phenological 
sensitivity to climate – the shift in days of a life history event 
(e.g. flowering date) per unit change in climate (e.g. degrees 
Celsius) (Primack et al. 2004, Miller-Rushing et al. 2006, 
Kopp et al. 2020). Estimates of phenological sensitivity are 
possible with observational time series data when species are 
regularly collected in a particular life stage (e.g. flowering or 
fruiting) and may pertain to many climate or environmental 
variables (Cook et al. 2012, Mazer et al. 2013). In addition, 
estimates of phenological change and sensitivity to climate 
from herbarium specimens tend to be closely aligned with 
those derived from field observations (Robbirt et al. 2011, 
Zalamea et al. 2011, Panchen et al. 2012, Davis et al. 2015). 
The ability to investigate plant responses to environmental 
variation, including phenological, morphological, genetic 
and demographic responses, makes the use of herbarium 
specimens a powerful approach for analyzing how species 
track changes in climate over broad geographic and taxo-
nomic scales (Cook et al. 2012, Park et al. 2018).

While herbarium specimens can provide a rich historical 
account of phenotypic change over time and space, several 
issues should be considered when evaluating the reliability 
of the data they provide. In addition to potential limitations 
in sampling breadth and intensity, non-random patterns of 
collection may bias biological inferences, particularly when 
investigating the effects of local environmental conditions 
on plant phenotype (Lang et al. 2019, Panchen et al. 2019). 
Examples of non-random collection include disproportion-
ately collecting plants from easily accessible locations (e.g. 

near roads) or with relatively conspicuous traits (e.g. large 
plants with many open flowers); preferentially sampling par-
ticular taxa (including subspecies) due to their prevalence or 
attractiveness; unequal sampling among years or seasons; and 
collector bias, where one or several collectors contribute over-
whelmingly to a data set, potentially intensifying any of these 
biases (Daru et al. 2018, Panchen et al. 2019, Adamo et al. 
2021). Consideration of such biases, even when absent or 
negligible, can inform the criteria used in selecting specimens 
for analysis and minimize their potential negative effects on 
any biological inferences drawn. While recent studies have 
examined the prevalence of collection biases and infor-
mation uncertainty in herbarium data (Meyer et al. 2016, 
Daru et al. 2018), as well as accounted or corrected for such 
biases (Lavoie 2013), there has been no investigation of how 
the uncertainty in the recorded location of specimens’ collec-
tion sites (hereafter referred to as collection site uncertainty) 
might affect interpretations of plant responses to climate, 
particularly phenological sensitivity.

In digitized herbarium records, collection site uncertainty 
reflects the confidence in the recorded GPS coordinates from 
which plants were purportedly collected. When absent from 
herbarium records, collection site coordinates (latitude and 
longitude) can be estimated (i.e. georeferenced) with some 
level of confidence using verbatim locality notes. Records 
that were georeferenced after specimen collection will usu-
ally include a measure of error distance: the linear distance 
that approximates the radius of a determined area of poten-
tial collection locations (Bloom et al. 2018, Yost et al. 2020). 
Georeferencing can therefore result in specimens with esti-
mated collection sites ranging from high- (small error dis-
tance) to low-confidence (large error distance). Information 
on the proportion of herbarium specimens in North America 
that have estimates of error distance is not readily available, 
but a sample of 1 million flowering plant specimens (class: 
Magnoliopsida) drawn from the Consortium of California 
Herbaria (accessioned but not necessarily collected within 
California; downloaded 10 November 2021) included mea-
sures of collection site uncertainty for just over half of these 
records. Values of error distance for these specimens ranged 
from 0 to 8 851 109 m, although less than 0.1% of these 
were greater than 50 km. If collection site uncertainty reflects 
the accuracy of specimen collection locations, then it may 
consequently affect the accuracy of the local environmental 
conditions (e.g. temperature and precipitation) associated 
with a given specimen.

In theory, large error distances could indicate relatively 
large discrepancies between the recorded and the actual sites 
of specimen collection, although error distance itself indi-
cates only the potential for collection site coordinates to be 
incorrect when uncertainty is substantial. Such uncertainty 
may be of little consequence in herbarium research that 
uses coarse (i.e. low spatial resolution) measures of climate. 
For example, estimates of phenological sensitivity in stud-
ies using climate data obtained from meteorological stations 
located several kilometers away from collection sites (e.g. ≥ 
25 km; Hart et al. 2014, Davis et al. 2015, Ellwood et al. 



Page 3 of 12

2019, Banaszak et al. 2020) may be only modestly influenced 
by collection site uncertainty. Recently, however, herbar-
ium-based phenological research has investigated responses 
to climate across large geographic areas using finer-grained 
(i.e. high spatial resolution) climate data estimated at speci-
mens’ listed coordinates (Munson and Long 2017, Berg et al. 
2019, Kopp et al. 2020). The increasing availability of high-
resolution climate data can improve our understanding of 
plant sensitivity to climate, but any effects of collection site 
uncertainty are likely to be more pronounced if or when such 
uncertainty reflects spatial accuracy and therefore the accu-
racy of local climate data.

The potential effects of large error distances on estimated 
phenology–climate relationships may also depend on the form 
of climatic variation being analyzed. Research on phenologi-
cal responses to climate has typically used one of three differ-
ent forms of climate variables, the most common being the 
climatic conditions recorded during the year of specimen col-
lection. The other two are 1) the average conditions at a given 
site over long historical periods (normals) and 2) the year- 
and site-specific deviations in climate from these long-term 
averages (anomalies). Differences among sites in long-term 
normals describe how conditions vary geographically across 
space while year-to-year variation in anomalies describes how 
sites’ conditions vary through time (Hodgson et al. 2011, 
Munson and Long 2017). Consequently, phenological varia-
tion explained by climate normals may reflect adaptation to 
local climates among populations as well as phenotypic plas-
ticity across a species range. On the other hand, phenologi-
cal variation explained by climate anomalies may only reflect 
phenotypic plasticity in response to interannual variation 
in climate, barring instances of rapid short-term evolution. 
Only a handful of studies have estimated biological responses 
to multiple forms of climatic variation (Bontrager and Angert 
2016, Waterton et al. 2020, Mazer et al. 2021, Love and 
Mazer 2022), and recent evidence shows that species’ phe-
nological sensitivity to climate may depend on the dimen-
sion of climatic variation being analyzed (geographic versus 
interannual) (Munson and Long 2017, Delgado et al. 2020, 
Pearson et al. 2021). For traits such as flowering time that 
may respond to climate change via both adaptive evolution 
and plasticity (Anderson et al. 2012), studying the effects of 
both normals and anomalies on the estimation of phenologi-
cal sensitivity can improve our understanding of the causes 
of phenological shifts in response to ongoing global change.

Here, we investigate the effects of spatial deviation and 
collection site uncertainty in herbarium specimens on the 
relationship between flowering phenology and local tempera-
ture and precipitation in an annual California wildflower, 
Nemophila menziesii (Boraginaceae). The potential for error 
distance to reflect the accuracy of georeferenced coordinates 
led us to hypothesize that greater collection site uncertainty 
weakens the statistical relationship between phenology and 
climatic predictor variables. To test this hypothesis, we used 
a series of comparative models with N. menziesii herbarium 
records to address the following questions: 1) how does the 
simulated displacement of specimen coordinates affect the 

parameter estimation and performance of phenoclimatic 
models? 2) Does the magnitude of error distance reported 
in digitized specimens affect estimates of phenological sensi-
tivity to annual temperature and precipitation? And 3) does 
error distance or simulated displacement differentially affect 
estimates of sensitivity to geographic versus interannual varia-
tion in temperature and precipitation (normals versus anom-
alies, respectively)? Whether or not collection site uncertainty 
affects the results of phenoclimatic (and other trait-climate) 
models has implications for how herbarium specimens are 
selected for analysis and can reveal the value of accurate geo-
referencing in specimen-based research.

Methods

Study species

Nemophila menziesii (Boraginaceae), commonly known as 
baby blue eyes, is an herbaceous winter annual widely distrib-
uted from Oregon to Baja California with its center of diver-
sity in California. Populations are distributed across broad 
temperature and aridity gradients (Supporting information) 
and exhibit geographic variation in morphology, physiology 
and phenology (Cruden 1972); N. menziesii tends to flower 
earlier in the spring at lower elevations. Plants often grow on 
partially shaded slopes in oak woodlands, coastal sage scrub 
and grasslands, and typically germinate after autumn or win-
ter rains and flower in early spring (Platenkamp and Shaw 
1993). The large number of herbarium specimens available 
for this species, its broad geographic distribution, and the 
high phenological variation observed across California make 
N. menziesii a promising model with which to investigate 
phenological sensitivity to climate and the effects of error dis-
tance on estimates of sensitivity.

Herbarium specimens

Digitized herbarium records of N. menziesii were obtained 
from the Consortium of California Herbaria (CCH): 1676 
records were downloaded from the original CCH1 portal in 
September 2019, and 1535 additional records were down-
loaded from the newer CCH2 portal in December 2019 (data 
from CCH1 and CCH2 may be accessed from: <https://
ucjeps.berkeley.edu/consortium/>). All specimens used were 
collected within California. Within and between these two 
sets of data, duplicate records (those that had matching cata-
log numbers or were collected within ~1 km of one another 
on the same date) were removed. Records missing latitude 
and longitude values were manually georeferenced using 
the online utility software GEOLocate (<www.geo-locate.
org/>), which uses the point-radius method (Wieczorek et al. 
2004) with user-entered specimen locality notes (e.g. text 
descriptions of collection sites, distances from landmarks and 
other location descriptors) to estimate collection coordinates 
and an uncertainty radius (error distance) in meters (Rios 
and Bart 2010). After cleaning, the dataset contained 1677 



Page 4 of 12

unique N. menziesii records representing specimens collected 
from 1901 to 2019. Each record includes: a unique specimen 
identifier, date of collection, day of year of collection (DOY; 
1–365), decimal latitude and longitude (converted from 
degrees, minutes and seconds when necessary), elevation 
above sea level (m) (obtained from USGS elevation data with 
the elevatr package in R when absent; Hollister et al. 2021) 
and collection notes (e.g. locality, habitat, co-occurring taxa). 
DOY in this data set ranged from 20 to 242. For the anal-
yses below, we assumed that specimen DOY approximates 
peak/mean flowering date (cf. Robbirt et al. 2011, Jones 
and Daehler 2018), since collections of showy annual spe-
cies such as N. menziesii are typically made when plants are 
in flower. Upon visual inspection, all 1136 specimens with 
digitized images had at least one open flower present. While 
some of the 541 specimens for which images were unavail-
able may lack open flowers, we assume that any influence this 
might have had on our models was negligible. Approximately 
70% of our specimens, including those that we georeferenced 
ourselves as well as many of those downloaded from CCH2 
with previously recorded GPS coordinates, had a measure of 
error distance (m), which indicates the uncertainty associ-
ated with the estimation of collection site coordinates. When 
georeferencing specimens without coordinates, we excluded 
records for which there was exceptionally low confidence in 
collection sites (estimated error distance > 15 km), although 
a handful of previously georeferenced specimens had error 
distances > 15 km (Supporting information).

Climate data

To investigate effects of simulated spatial deviation and 
reported error distance on estimates of phenological sensi-
tivity to climate in N. menziesii herbarium specimens, we 
used two forms of climate variables: 100-year climate nor-
mals (long-term averages) and anomalies (year-of-collection 
deviations from normals). Climate data were obtained from 
ClimateNA ver. 6.40, an application that provides down-
scaled and interpolated point-location monthly, seasonal 
and annual climate data (Wang et al. 2016). We extracted 
year-of-collection mean annual temperature (MAT) and 
cumulative annual precipitation (CAP) (identical to mean 
annual precipitation, MAP, reported in other papers) data for 
every year from 1901 to 2019 for each of 1677 N. menziesii 
specimen collection sites. Year-of-collection conditions at a 
given site reflect both long-term and interannual sources of 
climatic variation but tend to be strongly correlated with cli-
mate normals (Mazer et al. 2020) (Supporting information). 
Annual temperature was averaged across the 12 months in a 
year while annual precipitation was summed across months. 
We calculated 100-year MAT and CAP normals as the aver-
age conditions at a specimen’s site of collection from 1901 to 
2000 and MAT and CAP anomalies as the conditions in the 
year of specimen collection minus the long-term normals at 
that location. We used a 100-year normal period instead of 
the more commonly used 30-year period in order to capture 
more historical variation from across the species’ range since 

many of our specimens were collected before 1990. The inclu-
sion of both normals and anomalies in our analyses allowed 
us to investigate phenological sensitivity to climate across 
two scales of variation: sensitivity to geographic climatic 
variation and sensitivity to interannual climatic variation. 
This approach has been used recently by others investigating 
phenological sensitivity to climate (Munson and Long 2017, 
Mazer et al. 2021, Pearson et al. 2021).

Statistical analyses

Phenoclimatic models
Using all 1677 N. menziesii herbarium records, we con-
structed simple linear models (referred to below as phenocli-
matic models) to investigate the relationship between DOY, 
our response variable, and four climatic predictor variables: 
MAT normals, CAP normals, MAT anomalies and CAP 
anomalies. The slope of these relationships (the partial regres-
sion coefficient of each predictor) describes the phenologi-
cal sensitivity – the change in mean flowering date per unit 
change in climate – to geographic or interannual variation in 
MAT/CAP. Although we use DOY as a proxy for flowering 
date in N. menziesii, we use the term ‘phenological sensitiv-
ity’ for these coefficients to reflect the fact that other phe-
nophases of interest can be analyzed and interpreted in the 
same way. Elevation, latitude and longitude were included as 
predictors to control for variation in DOY not explained by 
MAT or CAP and to improve model fit. All predictors were 
tested as fixed effects and no interactions were included. All 
partial regression coefficients were standardized (predictors 
were mean-centered and scaled by one standard deviation) 
to facilitate comparisons of their effects on DOY. Climate 
normals and anomalies were generally uncorrelated (|r| < 
0.15, Supporting information). Model residuals and vari-
ance inflation factors (VIF; a metric designed to detect cor-
relations among predictor variables in regression analyses) 
were examined to ensure that there was no strong multicol-
linearity among climatic predictors of interest and that our 
models met the assumptions of ordinary least squares (OLS) 
regression (also known as linear regression). VIF values for 
all climatic predictors were below 4. Below, we describe how 
these models were used to examine the effects of simulated 
displacements and collection site uncertainty on estimates of 
phenological sensitivity to MAT and CAP. All analyses were 
conducted in R (<www.r-project.org>) and all scripts and 
data used in these analyses are available in a Dryad digital 
repository (<https://doi.org/10.25349/D9X893>).

Collection site simulations
To investigate how discrepancies between the actual and 
recorded collection locations of our specimens might affect 
the performance of phenoclimatic models, we simulated 
new coordinates (latitude and longitude) for all specimens 
for which the recorded error distance was ≤ 2 km (n = 743) 
(‘high-confidence’ collections). For each of these records, we 
used the geosphere package in R (Hijmans 2021) to select 
new coordinates located 2, 5, 15 and 25 km away from the 
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recorded collection site in a random direction. This pro-
vided four simulated collection sites per record, each located 
2–25 km away from the listed site. We refer to the distance 
between these new sites and the originally reported collection 
sites as ‘simulated displacements’ to distinguish them from 
the error distance reported for records during georeferencing. 
New elevation data for these locations were obtained using 
the elevatr package in R (Hollister et al. 2021). MAT and 
CAP normals and anomalies for all simulated sites were cal-
culated using data extracted from ClimateNA based on sites’ 
latitude and longitude. DOY values for each record were not 
altered. We replicated these simulations 200 times for each 
displacement distance, resulting in a total of 800 simulated 
locations per original high-confidence specimen collection. 
Due to the proximity of some recorded collection sites to 
bodies of water, the number of usable simulated sites per dis-
placement distance iteration varied from 709 to 743 (new 
sites located in water were excluded). Phenoclimatic models 
identical to those above were fit using these data, with the 
same model tested for each of the four displacement distances 
and each of the 200 iterations. We compared model results 
representing the four sets of simulated displacements, exam-
ining model parameters (e.g. partial regression coefficients of 
climatic predictors, the standard error around these coeffi-
cients and model adjusted R2 values) for each predictor and 
displacement distance as estimates averaged across all 200 test 
iterations.

Effects of reported error distance
To determine whether collection site uncertainty estimated 
during the georeferencing of herbarium specimens affects 
the performance of phenoclimatic models, we investigated 
the effects of error distance using two modeling approaches. 
First, herbarium records were divided into four categories of 
uncertainty to determine whether model outputs differed 
among data sets comprised of specimens representing dif-
ferent levels of collection site uncertainty. We constructed 
four data sets that included 1) all records (including those for 
which no error distance was reported) (n = 1677), 2) records 
that reported any measure of error distance (n = 1166), 3) 
records reporting an error distance ≤ 5 km (n = 1033) and 
4) high-confidence records reporting an error distance ≤ 
2 km (n = 743). In this sequence, these data sets reflect an 
increasing confidence in collection location as error distances 
decrease. These categories are not mutually exclusive: the 
larger data sets (e.g. all records, any records with error dis-
tance) include records also present in the smaller data sets 
(e.g. error distance ≤ 2 km). As in the analyses of the simu-
lated displacements described above, we focused on how the 
estimated regression coefficients and adjusted R2 values (a 
goodness-of-fit measure) differed among the phenoclimatic 
models applied to each data set. Second, we analyzed phe-
noclimatic models in which error distance was included as 
a covariate, using the data set of all records (including those 
with no measure of error distance) to determine whether col-
lection site uncertainty had any direct effects on DOY and 
whether estimates of sensitivity to MAT and CAP normals 

and anomalies differed significantly from our original model. 
We ran two separate models with our full data set, one with 
error distance as a continuous quantitative predictor and one 
with error distance as a categorical variable (mutually exclu-
sive bins = 0–2, 2–5, 5–10, 10–15, > 15 km and error = NA) 
(see the Supporting information for category sizes).

Results

Below, we present the results of the phenoclimatic models 
applied to all herbarium records pooled, followed by the 
results of models applied to simulated site displacements, and 
finally the results of analyses on the effects of reported speci-
men error distance on phenoclimatic models.

Phenological sensitivity in N. menziesii

All four climate variables, MAT and CAP normals and anom-
alies, explained a significant proportion of variation in DOY 
in our full data set (n = 1677 records). Controlling for lati-
tude, longitude and elevation, higher long-term and anom-
alous MAT had an advancing effect on DOY while higher 
long-term and anomalous CAP had a delaying effect on DOY 
(Fig. 1) (Table 1, all records included). Phenological sensitiv-
ity to annual temperature was comparable for long-term nor-
mals and anomalies (Fig. 1a and c, respectively). Sensitivity to 
annual precipitation, however, was higher in response to vari-
ation across space than in response to interannual variation 
(Fig. 1b and d). In addition to climate, geographic location 
also explained variation in DOY. Controlling for MAT and 
CAP, specimens collected from higher elevations had earlier 
DOYs, on average, than those from lower elevations. Since 
latitude and longitude are highly collinear in this dataset, we 
focus below only on the effects of MAT and CAP normals 
and anomalies on DOY, for which all parameter VIF values 
were less than 4.

Effects of simulated displacement on phenological 
sensitivity to climate

In the analyses of simulated sets of coordinates for herbarium 
records, the effect of collection site displacement on estimates 
of phenological sensitivity to MAT and CAP depended on 
the type of climatic predictor. While all of the models analyz-
ing simulated data sets explained a statistically significant pro-
portion of the variance in specimen DOY (p < 0.0001), the 
significance of individual climatic predictors differed among 
them. As the simulated distance from recorded sites increased, 
average estimates of absolute sensitivity to climate anomalies 
declined (Fig. 2). The effect on DOY of interannual varia-
tion in MAT and CAP became statistically non-significant 
when the locations used to assign climatic conditions were 
displaced, on average, 5 km (2 km for CAP anomalies) or 
more from recorded collection sites. On the other hand, the 
regression coefficients of MAT and CAP normals remained 
statistically significant with increasing location mismatch, 
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although the average absolute sensitivity of DOY to these 
predictors increased slightly. The 95% confidence intervals 
for these estimates were also larger than those calculated for 
MAT and CAP anomalies. Further examination revealed that 
simulated displacements led to higher mean standard devia-
tions of predictor variables for climate anomalies (but not for 

normals) as displacement distance increased (averaged across 
all iterations) (Supporting information).

As displacement from specimens’ original coordinates 
increased, the average standard error of the estimated 
regression coefficients increased while model adjusted R2 
values decreased (Fig. 3). Changes in these parameters 

Figure 1. Leverage plots displaying the independent effects of climatic predictors on specimen DOY, controlling for elevation, latitude and 
longitude for all records (n = 1677). Plots show the effect on DOY of long-term (a) MAT (mean annual temperature, °C) and (b) CAP 
(cumulative annual precipitation, mm), as well as anomalous (c) MAT and (d) CAP. Partial regression coefficient estimates βʹ were estimated 
using mean-centered and scaled (SD = 1) predictors. Shaded bands represent 95% confidence intervals (CIs). Vertical dashed-lines in (c) 
and (d) indicate 0-value anomalies (no difference between collection year and historical average climate). Each point represents one her-
barium specimen.

Table 1. Partial regression coefficients from models examining the effects of long-term and anomalous MAT and CAP on specimen DOY. 
Each column contains standardized regression coefficient estimates (βʹ) and standard errors (SE) for a subset of N. menziesii specimens. Each 
subset represents a different range of specimen error distance described by the column headings, with sample sizes in parentheses. Partial 
regression coefficients (βʹ) are mean-centered and scaled by 1 standard deviation. *p < 0.05, **p < 0.01. All predictors were included as 
fixed effects. VIF values for latitude and longitude were abnormally high (> 4).

Predictor

All records (n = 1677)
Records with any error 

distance (n = 1166)
Records with error ≤ 5 km 

(n = 1033)
Records with error ≤ 2 km 

(n = 743)
Adj. R2 = 0.3075 Adj. R2 = 0.2981 Adj. R2 = 0.3060 Adj. R2 = 0.2923

βʹ SE βʹ SE βʹ SE βʹ SE

MAT (100Y) −3.89** 1.04 −4.25** 1.18 −5.32** 1.26 −5.66** 1.51
CAP (100Y) 7.46** 0.91 7.32** 1.12 6.82** 1.19 7.33** 1.48
MAT (Anom.) −3.71** 0.61 −2.78** 0.72 −3.06** 0.76 −3.06* 0.94
CAP (Anom.) 1.96** 0.60 2.32** 0.72 2.34** 0.76 2.01* 0.94
Elevation 9.42** 1.14 8.75** 1.30 8.18** 1.40 7.97** 1.65
Latitude 1.24 1.78 0.19 2.03 1.29 2.17 0.46 2.65
Longitude 6.79** 2.07 5.78* 2.35 7.40** 2.56 7.68* 3.07
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were lower for models applied to sets of records for which 
sites were displaced 2 or 5 km than for those applied to 
records for which sites were displaced 15 and 25 km. 
Simulated displacements of 15 and 25 km resulted in a 
~6.8 and ~9.8% average reduction, respectively, in model 
fit (Fig. 3), although these reductions were much higher in 
some iterations.

Effects of error distance on phenological sensitivity 
to climate

We found negligible effects of reported specimen error dis-
tance on estimates of phenological sensitivity to MAT and 
CAP normals and anomalies. Of the four error distance sub-
sets, results of models analyzing records with 0–2 km error 

Figure 2. Standardized estimates of phenological sensitivity to MAT (mean annual temperature, °C) and CAP (cumulative annual precipita-
tion, mm) 100-year normals and year-of-collection anomalies, partitioned by data set and controlling for latitude, longitude and elevation. 
Coefficient estimates and 95% confidence intervals (horizontal bars) of the sensitivities based on simulated data are averages from the model 
outputs of 200 replicates for each displacement distance. ‘Model Data’ specifies the data sets in which records were displaced either 2, 5, 15 
or 25 km from their recorded locations and for which new climate and elevation data were assigned. ‘Original’ data refer to the herbarium 
records for which error distances were ≤ 2 km (n = 743). All five models explained a statistically significant proportion of the variance in DOY 
(p < 0.0001), but the mean effect of climate anomalies on DOY did not differ from 0 in the models for which simulated displacements were 
≥ 5 km for MAT anomalies or ≥ 2 km for CAP anomalies. Coefficient estimates are mean-centered and scaled by 1 standard deviation.

Figure 3. Average changes in phenoclimatic models’ (a) regression coefficient standard errors (SE) and (b) adjusted R2 values among sets of 
simulated data relative to models based on high-confidence records’ (error distance ≤ 2 km) unaltered collection locations. Simulated data 
refers to data sets where records were displaced either 2, 5, 15 or 25 km from their original high-confidence collection sites and for which 
new climate and elevation data were obtained. In (a), climatic predictors include MAT (mean annual temperature, °C) and CAP (cumula-
tive annual precipitation, mm) 100-year normals and year-of-collection anomalies.
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distance were similar to those analyzing records of lower con-
fidence error distance categories (Table 1). Highly overlapping 
95% CIs of regression coefficients indicated that there were 
no statistically significant differences in estimates of pheno-
logical sensitivity among the different error distance catego-
ries (Fig. 4), although the effect of long-term MAT on DOY 
became stronger with increasing confidence in site locations. 
The standard error and 95% CIs of the coefficient estimates 
increased with more restrictive error bins, for which samples 
sizes were smaller, and were generally larger for MAT and 
CAP normals than anomalies. Adjusted R2 values for models 
applied to error distance subsets were lower than that of the 
complete data set, although by no more than 0.02. Compared 
to the analyses of simulated collection locations described 
above, changes in model adjusted R2 values among error dis-
tance categories were much lower. When included as a covari-
ate in our model analyzing all records, error distance had no 
significant effect on DOY, neither as a continuous nor as a 
categorical predictor variable (p > 0.05) (Supporting informa-
tion). In addition, there were no qualitative differences in the 
effects of the four climatic predictors on DOY when compar-
ing the models with and without error distance as a covariate.

Discussion

Our analyses generated two major findings. Using digi-
tized herbarium records of Nemophila menziesii, among 
which ~70% of specimens had a reported measure of uncer-
tainty (error distance) associated with their collection loca-
tion, we found that the inclusion of records with relatively 
large or missing error distances does not significantly alter 
the statistical relationship between local temperature and 

precipitation and flowering time relative to analyses of data 
sets excluding such records. Second, using simulated col-
lection site coordinates, we found that discrepancies of ≥ 
5 km in geographic collection location reduced the magni-
tude and statistical significance of estimates of phenologi-
cal sensitivity to interannual variation in climate. In spite 
of the weak effects of reported error distance on estimates 
of phenological sensitivity in our analyses, simulated geo-
graphic deviations in collection site and, consequently, local 
climatic conditions resulted in altered estimates of pheno-
logical sensitivity to climate. Although we cannot evaluate 
with precision the accuracy of the georeferenced collection 
locations in our herbarium-derived data, as discussed below, 
it seems likely that these georeferenced collection locations 
are sufficiently accurate to provide robust estimates of phe-
nological sensitivity to climate regardless of the value of error 
distance reported in N. menziesii specimens. Whether this 
applies to other widespread species is a question requiring 
further investigation.

Collection site displacement affects estimates of 
phenological sensitivity

While variation in error distance among N. menziesii her-
barium records did not greatly affect estimates of pheno-
logical sensitivity, our simulations of intentionally displaced 
coordinates did. Compared to high-confidence herbarium 
records (error distance ≤ 2 km), average estimates of phe-
nological sensitivity to MAT and CAP anomalies became 
increasingly weak as the magnitude of coordinate displace-
ment exceeded 2 km (Fig. 2). In contrast, sensitivity to 
100-year normals changed little and even increased with 
greater displacement distances, particularly for MAT. In  

Figure 4. Standardized estimates of phenological sensitivity to MAT (mean annual temperature, °C) and CAP (cumulative annual precipita-
tion, mm) 100-year normals and year-of-collection anomalies derived from the analysis of four data sets, each characterized by a different range 
of error distances, controlling for latitude, longitude and elevation. ‘Model Data’ specifies the different error distance groupings: all records 
(n = 1677); records with any error distance (n = 1166); records with 0–5 km error distance (n = 1033); and records with 0–2 km error distance 
(n = 743). Horizontal bars represent 95% confidence intervals. Coefficient estimates are mean-centered and scaled by 1 standard deviation.
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N. menziesii, inaccurate georeferencing should therefore 
have a greater impact on estimates of phenological sensi-
tivity to interannual variation in climate, which explains 
less variation in DOY than geographic variation in climate, 
although inferences concerning sensitivity to both forms of 
climatic variation may be susceptible to the effects of collec-
tion site inaccuracy. Whether herbarium-based estimates of 
phenotypic responses to climate are more susceptible to the 
effects of inaccurate georeferencing for climate anomalies 
versus normals will likely depend on the relative influence 
of interannual versus geographic variation in climate on a 
given trait for a given species.

In addition to changes in the estimates of phenological 
sensitivity to climate when collection locations were dis-
placed, the standard error around these estimates increased 
and the goodness-of-fit of phenoclimatic models decreased 
with increasing displacement (Fig. 3). The relatively large 
changes in these measures when displacements exceeded 5 
km suggest that, for N. menziesii, such deviations have the 
potential to substantially undermine inferences based on 
the parameter estimates from phenoclimatic models. While 
spatial uncertainty deserves further attention in specimen-
based research, the results presented in Fig. 3 demonstrate 
that spatial accuracy has clear consequences for model-
ing the relationships between species’ traits and the local 
environment. Our findings on the effects of collection site 
displacement could be used to help establish a reasonable 
threshold for acceptable error distances when defining speci-
men inclusion criteria, although spatial inaccuracy is not the 
same as collection site uncertainty and such decisions should 
depend on species-specific factors as well (e.g. distribution, 
climate sensitivity, collection biases). Given that the error 
distance associated with a particular specimen’s GPS coordi-
nates indicates only the potential for these coordinates to be 
inaccurate, the effect of collection site uncertainty on trait-
climate models should depend on 1) the extent to which 
spatial uncertainty reflects spatial inaccuracy and 2) the spa-
tial heterogeneity of environmental predictor variables. For 
example, large values of error distance might influence the 
outputs of phenoclimatic models only when the accuracy 
of corresponding georeferenced coordinates is low, and this 
effect would be magnified with occurrence data that spans 
steep climatic gradients (i.e. climate is highly variable across 
short distances).

Effects of error distance on phenological sensitivity

In the large sample of herbarium specimens analyzed here 
(n = 1677), error distance – the uncertainty radius attributed 
to the georeferenced location of collected specimens – had lit-
tle impact on measures of flowering time sensitivity to MAT 
and CAP normals and anomalies estimated from phenocli-
matic models (Table 1, Fig. 4). The absence of significant 
differences in climatic predictor partial regression coeffi-
cients among different error distance categories illustrates a 
negligible effect of collection site uncertainty on estimates of 
phenological sensitivity in N. menziesii. Contrasted with our 

results on the effect of simulated displacements on estimates 
of sensitivity, the results of this analysis suggest that collec-
tion site uncertainty is generally not indicative of collection 
site accuracy: the inclusion of records with relatively large 
error distances did not significantly affect the strength of 
the estimated climatic effects on flowering time, as might be 
expected if larger levels of uncertainty correspond to greater 
deviations from true collection locations. Estimates of error 
distance in N. menziesii specimens, even when large or not 
reported, should therefore have little effect on the quantita-
tive inferences derived from phenoclimatic models.

To our knowledge, the analyses presented here on the 
effects of spatial uncertainty on estimates of phenological 
sensitivity to climate are the first of their kind, although oth-
ers have drawn attention to the importance of examining 
geographic uncertainty when making ecological inferences 
(Feeley and Silman 2010, Naimi et al. 2014, Meyer et al. 
2016). For example, in species distribution models using 
vertebrate occurrence records, Naimi et al. (2014) found a 
greater negative effect of positional uncertainty on model 
accuracy when the spatial association among environmental 
predictor variables was low compared to when spatial asso-
ciation among variables was high. In our analyses, moderate 
spatial autocorrelation was present among long-term climate 
normals and geographic predictors (but not model residu-
als; data not shown). However, we have no reason to believe 
that this obscured any meaningful effect of error distance in 
the analytical approaches we used. More research using other 
ecological models and with other well-collected plant species, 
particularly those with different life histories and occupying 
regions with high levels of climatic heterogeneity, will help 
to elucidate the consequences of spatial uncertainty on the 
inferences derived from herbarium-based research.

Sensitivity to geographic versus interannual 
variation in climate

The estimates of phenological sensitivity in N. menziesii pre-
sented here are similar to those reported in other herbarium-
based studies (Primack et al. 2004, Matthews and Mazer 
2015, Davis et al. 2015, Park et al. 2018), but few investiga-
tors to date have estimated the independent effects of both 
geographic and interannual variation in climate on pheno-
logical sensitivity (but see Hodgson et al. 2011, Munson and 
Long 2017, Delgado et al. 2020). The influence on phenol-
ogy of geographic variation (indicated by variation among 
collection sites in climate normals) versus interannual varia-
tion in climate (estimated as site-specific climate anomalies 
measured in the year of collection) may differ because dif-
ferent mechanisms of phenotypic change are associated with 
each. Phenological variation across space likely results from 
both phenotypic plasticity and local adaptation to long-term 
chronic conditions whereas phenological change among 
years at a given site should result primarily from phenotypic 
plasticity, particularly for perennial species (Hodgson et al. 
2011). Munson and Long (2017) analyzed phenological sen-
sitivity to climate in C3 and C4 grasses across a large region of 
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the western US and found that, although sensitivity differed 
among species and functional groups, geographic climate 
variation (normals) typically explained as much or more vari-
ation in DOY than interannual climate variation (anomalies) 
across species, results that are consistent with those presented 
here. More recently, however, estimates of phenological sen-
sitivity to climate normals versus anomalies were found to be 
similar in two Clarkia congeners (Mazer et al. 2021). Further 
research and statistical approaches, such as year-detrending 
estimates of phenological sensitivity (Iler et al. 2017), are 
needed to more clearly decipher the independent roles of 
evolutionary adaptation and plasticity in determining phe-
nological responses estimated using herbarium data.

Our objective in the current study was to use simple regres-
sion models to explore the influence of spatial uncertainty and 
inaccuracy on estimates of phenological sensitivity to climate, 
not to construct the most predictive or comprehensive model 
of phenological variation in N. menziesii. For annual plant 
species such as N. menziesii whose phenophases exhibit strong 
seasonality, monthly and seasonal climatic conditions (e.g. 
winter, spring) may be as or more predictive of phenology 
than annual conditions (Hereford et al. 2017). Here, we chose 
to use MAT and CAP as climatic predictors because they 
explain significant variation in DOY, are strongly correlated 
with seasonal climate parameters (e.g. r = 0.76 for minimum 
spring temperature ~ MAT 100-year normals and r = 0.77 for 
minimum spring temperature ~ MAT anomalies; Supporting 
information), are available from most climate databases, and 
have been used to predict phenological responses to climate in 
other plant species (Wolkovich et al. 2013, Munson and Long 
2017, König et al. 2018). While using standardized partial 
regression coefficients in our models prevented us from fore-
casting future consequences of phenological sensitivity (e.g. 
days advancement per degree Celsius warming), it allowed us 
to compare the relative influence of predictors with different 
units of measurement on DOY, as well as how error distance 
might affect this influence. We hope that these modeling and 
statistical approaches may serve as templates with which to 
initiate other investigations of the effects of collection site 
uncertainty on phenological (and other trait) sensitivity to cli-
mate. More complex approaches and finer-tuned climate data 
can also provide greater insight into the biological underpin-
nings of species’ phenological patterns than we have demon-
strated here. How and why phenological sensitivity to climate 
varies within N. menziesii is a focus of ongoing investigation.

Specimen georeferencing and further considerations

The estimation of collection site uncertainty relies primarily on 
the methods by which specimens are georeferenced. Advancing 
technology has likely improved the efficiency of georeferenc-
ing, but it is not known whether the accuracy of coordinate 
estimation has improved through time. In addition, previously 
georeferenced herbarium records may have used protocols or 
resources (e.g. GEOLocate) different from those used in the 
current study to estimate collection sites and error distances 
(Murphey et al. 2004, Guo et al. 2008), emphasizing the need 

for standardized georeferencing guidelines in herbarium-based 
research. Relatively few of the N. menziesii records analyzed 
here reported an error distance ≥ 10 km, and a large number 
of records had no measure of error distance (Supporting infor-
mation). The confidence and accuracy of collection locations 
in these specimens lacking error distance cannot be quantified. 
Further investigation of the effects of error distance (or lack 
thereof) and georeferencing protocol on phenoclimatic models 
would complement the results presented here.

Phenological research is not the only context in which 
collection site uncertainty may affect ecological inferences. 
The examination of location uncertainty in natural history 
records has been of much interest in species distribution 
modeling (SDM), for which different investigators have used 
different protocols and levels of uncertainty as criteria for 
data inclusion. Bloom et al. (2018) reviewed previous geo-
referencing efforts in SDM to develop a new geoereferencing 
protocol and found that a higher resolution of spatial occur-
rence data resulted in more accurate climate envelopes and 
model predictions of habitat suitability in Saxifraga austro-
montana. Similarly, Feeley and Silman (2010) found positive 
effects of rigorous georeferencing on the precision of species 
habitat ranges estimated from SDMs, especially in moun-
tainous regions with greater environmental heterogeneity. 
Considerations of other issues in specimen-based research are 
also warranted. Uncertainty in estimates of climatic predic-
tors, for example, may affect model predictions and reduce 
statistical power, as demonstrated with spatial climate vari-
ables in SDMs (Stoklosa et al. 2015).

The potential for error distance and other artifacts of 
natural history collections (e.g. sampling bias) to affect eco-
logical and evolutionary inferences should be addressed in 
more contexts to better understand their influence. A larger, 
multi-species approach to exploring the questions examined 
here can help to address the generality of these findings by 
considering whether factors such as geographic distribution, 
life history and sensitivity to climate might influence the 
effects of error distance on model performance. Populations 
and species that are extremely sensitive to climate or that are 
found in highly heterogeneous environments (e.g. distrib-
uted across steep elevation or aridity gradients), for example, 
may be more susceptible to negative effects of coordinate 
uncertainty in trait-climate modeling. Similarly, species 
with contrasting sensitivities to climate may differ in their 
susceptibility to statistical noise or bias generated by error 
distance. In considering what artifacts may introduce bias or 
noise to analyses of natural history collections, it may be use-
ful to treat spatial uncertainty as a potential bias itself: an 
artifact of occurrence data that could affect later inferences. 
Finally, factors other than error distance or sampling bias may 
also influence spatial accuracy and uncertainty in herbarium 
research. For example, collectors may sometimes provide the 
coordinates of a nearby landmark or field station instead of a 
specimen’s actual point of collection. These and other possi-
bilities underscore the importance of rigorous and repeatable 
collection practices, detailed field notes and a standardized 
georeferencing protocol.
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Conclusion

While other herbarium-based studies on phenology have 
detailed their own georeferencing protocols and drawn atten-
tion to the importance of addressing spatial uncertainty, none 
have investigated the effects of collection site uncertainty on 
phenoclimatic models. Our findings suggest that estimates of 
phenological sensitivity may be insensitive to collection site 
uncertainty when statistical models are applied to well-sampled 
and widely collected taxa such as N. menziesii. If so, research-
ers examining such taxa may not need to restrict their analyses 
to specimens for which collection site uncertainty is relatively 
low. Our findings represent an important first step toward 
determining the robustness of trait–climate modeling when 
analyzing natural history observations for which observation 
locations are subject to spatial uncertainty. Both a greater con-
sideration for the potential effects of error distance as well as a 
standardized protocol for georeferencing and estimating error 
distance can lead to improvements in model accuracy in studies 
of trait–climate relationships using natural history observations. 
The increasing use of herbarium collections in ecological and 
evolutionary research necessitates a careful consideration of the 
factors that influence the biological conclusions we draw from 
our analyses. Improving phenoclimatic models, as well as other 
trait-climate modeling approaches, is of particular importance 
for researchers studying the effects of climate change on the 
phenotypes of organisms using natural history observations.

Acknowledgements – The authors would like to thank UCSB 
undergraduates Wendy Wong, Macie Ericksen, Carter Adamson 
and Devon Coates for their assistance with georeferencing. Cameron 
Hannah-Bick, Lisa Kim, Helen Payne and Tadeo Ramirez Parada 
provided comments and suggestions that helped improve previous 
versions of this manuscript. The authors wish to acknowledge the 
unceded territory of modern-day California home to many groups 
of indigenous peoples from which the plant specimens analyzed in 
this research were collected.
Funding – Funding support for this research was provided by 
the Ecology, Evolution and Marine Biology department at the 
University of California, Santa Barbara.

Author contributions

Devin E. Gamble: Conceptualization (lead); Investigation 
(lead); Methodology (lead); Supervision (lead); Writing 
– original draft (lead); Writing – review and editing (sup-
porting). Susan J. Mazer: Conceptualization (support-
ing); Investigation (supporting); Supervision (supporting); 
Writing – review and editing (lead).

Transparent peer review

The peer review history for this article is available at <https://
publons.com/publon/10.1111/ecog.06107>.

Data availability statement

Data are available from the Dryad Digital Repository: <https://
doi.org/10.25349/D9X893> (Gamble and Mazer 2022).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Adamo, M. et al. 2021. Plant scientists’ research attention is skewed 
towards colourful, conspicuous and broadly distributed flowers. 
– Nat. Plants 7: 574–578.

Anderson, J. T. et al. 2012. Phenotypic plasticity and adaptive evo-
lution contribute to advancing flowering phenology in response 
to climate change. – Proc. R. Soc. B 279: 3843–3852.

Banaszak, C. et al. 2020. Chilling consequences: herbarium records 
reveal earlier reproductive phenology of winter annual gladecress 
in a wetter, cooler climate. – Plants People Planet 2: 340–352.

Berg, C. S. et al. 2019. An examination of climate-driven flowering-
time shifts at large spatial scales over 153 years in a common 
weedy annual. – Am. J. Bot. 106: 1435–1443.

Bloom, T. D. S. et al. 2018. Why georeferencing matters: Introduc-
ing a practical protocol to prepare species occurrence records 
for spatial analysis. – Ecol. Evol. 8: 765–777.

Bontrager, M. and Angert, A. L. 2016. Effects of range-wide vari-
ation in climate and isolation on floral traits and reproductive 
output of Clarkia pulchella. – Am. J. Bot. 103: 1–12.

Cook, B. I. et al. 2012. Sensitivity of spring phenology to warming 
across temporal and spatial climate gradients in two independ-
ent databases. – Ecosystems 15: 1283–1294.

Cruden, R. W. 1972. Pollination biology of Nemophila menziesii 
(Hydrophyllaceae) with comments on the evolution of oli-
golectic bees. – Evolution 26: 373–389.

Daru, B. H. et al. 2018. Widespread sampling biases in herbaria 
revealed from large-scale digitization. – New Phytol. 217: 
939–955.

Davis, C. C. et al. 2015. Herbarium records are reliable sources of 
phenological change driven by climate and provide novel 
insights into species’ phenological cueing mechanisms. – Am. 
J. Bot. 102: 1599–1609.

Delgado, M. D. M. et al. 2020. Differences in spatial versus tem-
poral reaction norms for spring and autumn phenological 
events. – Proc. Natl Acad. Sci. USA 117: 31249–31258.

Ehrlén, J. 2015. Selection on flowering time in a life-cycle context. 
– Oikos 124: 92–101.

Ellwood, E. R. et al. 2019. Phenology models using herbarium 
specimens are only slightly improved by using finer-scale stages 
of reproduction. – Appl. Plant Sci. 7: e01225.

Feeley, K. J. and Silman, M. R. 2010. Modelling the responses of 
Andean and Amazonian plant species to climate change: the 
effects of georeferencing errors and the importance of data filter-
ing. – J. Biogeogr. 37: 733–740.

Gamble, D. E. and Mazer, S. J. 2022. Data from: Spatial uncer-
tainty in herbarium data: simulated displacement but not error 
distance alters estimates of phenological sensitivity to climate 
in a widespread California wildflower. – Dryad Digital Reposi-
tory, <https://doi.org/10.25349/D9X893>.

Guo, Q. et al. 2008. Georeferencing locality descriptions and com-
puting associated uncertainty using a probabilistic approach. 
– Int. J. Geogr. Inf. Sci. 22: 1067–1090.

Hart, R. et al. 2014. Herbarium specimens show contrasting phe-
nological responses to Himalayan climate. – Proc. Natl Acad. 
Sci. USA 111: 10615–10619.



Page 12 of 12

Heberling, J. M. et al. 2019. The changing uses of herbarium data 
in an era of global change: an overview using automated content 
analysis. – Bioscience 69: 812–822.

Hereford, J. et al. 2017. The seasonal climate niche predicts phenol-
ogy and distribution of an ephemeral annual plant, Mollugo 
verticillata. – J. Ecol. 105: 1323–1334.

Hijmans, R. J. 2021. geosphere: spherical trigonometry. – R package 
ver. 1.5-14, <https://CRAN.R-project.org/package=geosphere>.

Hodgson, J. A. et al. 2011. Predicting insect phenology across space 
and time. – Global Change Biol. 17: 1289–1300.

Hollister, J. et al. 2021. elevatr: access elevation data from various 
APIs. – R package ver. 0.4.1, <https://CRAN.R-project.org/
package=elevatr/>.

Iler, A. M. et al. 2017. Detrending phenological time series improves 
climate-phenology analyses and reveals evidence of plasticity. 
– Ecology 98: 647–655.

Jones, C. A. and Daehler, C. C. 2018. Herbarium specimens can 
reveal impacts of climate change on plant phenology; a review 
of methods and applications. – PeerJ 2018: e4576.

König, P. et al. 2018. Advances in flowering phenology across the 
Northern Hemisphere are explained by functional traits. – 
Global Ecol. Biogeogr. 27: 310–321.

Kopp, C. W. et al. 2020. Herbarium records indicate variation in 
bloom-time sensitivity to temperature across a geographically 
diverse region. – Int. J. Biometeorol. 64: 873–880.

Lang, P. L. M. et al. 2019. Using herbaria to study global environ-
mental change. – New Phytol. 221: 110–122.

Lavoie, C. 2013. Biological collections in an ever changing world: 
herbaria as tools for biogeographical and environmental studies. 
– Perspect. Plant Ecol. Evol. Syst. 15: 68–76.

Leger, E. A. 2013. Annual plants change in size over a century of 
observations. – Global Change Biol. 19: 2229–2239.

Love, N. L. R. and Mazer, S. J. 2022. Geographic variation in 
offspring size: long- and short-term climate affect mean seed 
mass of Streptanthus populations. – Ecology: e3698.

Matthews, E. R. and Mazer, S. J. 2015. Historical changes in flow-
ering phenology are governed by temperature × precipitation 
interactions in a widespread perennial herb in western North 
America. – New Phytol. 210: 157–167.

Mazer, S. J. et al. 2013. Flowering date of taxonomic families pre-
dicts phenological sensitivity to temperature: implications for 
forecasting the effects of climate change on unstudied taxa. – 
Am. J. Bot. 100: 1381–1397.

Mazer, S. J. et al. 2020. Mating system and historical climate con-
ditions affect population mean seed mass: evidence for adapta-
tion and a new component of the selfing syndrome in Clarkia. 
– J. Ecol. 108: 1523–1539.

Mazer, S. J. et al. 2021. Phenological sensitivities to climate are 
similar in two Clarkia congeners: indirect evidence for facilita-
tion, convergence, niche conservatism or genetic constraints. 
– Madroño 68: 388–405.

Meyer, C. et al. 2016. Multidimensional biases, gaps and uncertainties 
in global plant occurrence information. – Ecol. Lett. 19: 992–1006.

Miller-Rushing, A. J. et al. 2006. Photographs and herbarium spec-
imens as tools to document phenological changes in response to 
global warming. – Am. J. Bot. 93: 1667–1674.

Munson, S. M. and Long, A. L. 2017. Climate drives shifts in grass 
reproductive phenology across the western USA. – New Phytol. 
213: 1945–1955.

Murphey, P. C. et al. 2004. Georeferencing of museum collections: 
a review of problems and automated tools, and the methodol-
ogy developed by the mountain and plains spatio-temporal 
database-informatics initiative (Mapstedi). – PhyloInformatics 
3: 1–29.

Naimi, B. et al. 2014. Where is positional uncertainty a problem 
for species distribution modelling? – Ecography 37: 191–203.

Panchen, Z. A. et al. 2012. Herbarium specimens, photographs and 
field observations show Philadelphia area plants are responding 
to climate change. – Am. J. Bot. 99: 751–756.

Panchen, Z. A. et al. 2019. Patterns and biases in an Arctic her-
barium specimen collection: implications for phenological 
research. – Appl. Plant Sci. 7: e01229.

Park, D. S. et al. 2018. Herbarium specimens reveal substantial and 
unexpected variation in phenological sensitivity across the east-
ern United States. – Phil. Trans. R. Soc. B 374: 20170394.

Pearson, K. D. et al. 2021. Phenological trends in the California 
poppy Eschscholzia californica: digitized herbarium specimens 
reveal intraspecific variation in the sensitivity of flowering date 
to climate change. – Madroño 68: 343–359.

Platenkamp, G. A. J. and Shaw, R. G. 1993. Environmental and 
genetic maternal effects on seed characters in Nemophila men-
ziesii. – Evolution 47: 540.

Primack, D. et al. 2004. Herbarium specimens demonstrate earlier 
flowering times in response to warming in Boston. – Am. J. 
Bot. 91: 1260–1264.

Soltis, P. S. 2017. Digitization of herbaria enables novel research. 
– Am. J. Bot. 104: 1281–1284.

Rios, N. E. and Bart, H. L. 2010. GEOLocate. Tulane University 
Museum of Natural History. <https://www.geo-locate.org/web/
WebGeoref.aspx>.

Robbirt, K. M. et al. 2011. Validation of biological collections as 
a source of phenological data for use in climate change studies: 
A case study with the orchid Ophrys sphegodes. – J. Ecol. 99: 
235–241.

Stoklosa, J. et al. 2015. A climate of uncertainty: accounting for 
error in climate variables for species distribution models. – 
Methods Ecol. Evol. 6: 412–423.

Wang, T. et al. 2016. Locally downscaled and spatially customizable 
climate data for historical and future periods for North Amer-
ica. – PLoS One 11: e0156720.

Waterton, J. et al. 2020. Trade-off drives pareto optimality of 
within- and among-year emergence timing in response to 
increasing aridity. – Evol. Appl. 14: 658–673.

Wieczorek, J. et al. 2004. The point-radius method for georeferenc-
ing locality descriptions and calculating associated uncertainty. 
– Int. J. Geogr. Inf. Sci. 18: 745–767.

Willis, C. G. et al. 2017. Old plants, new tricks: phenological 
research using herbarium specimens. – Trends Ecol. Evol. 32: 
1–16.

Wolkovich, E. M. et al. 2013. Temperature-dependent shifts in 
phenology contribute to the success of exotic species with cli-
mate change. – Am. J. Bot. 100: 1407–1421.

Yost, J. M. et al. 2020. The California Phenology Collections Net-
work: using digital images to investigate phenological change 
in a biodiversity hotspot. – Madroño 66: 130.

Zalamea, P. C. et al. 2011. Continental-scale patterns of Cecropia 
reproductive phenology: evidence from herbarium specimens. 
– Proc. R. Soc. B 278: 2437–2445.


