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Abstract

Plant species are frequently reported to undergo leaf-out and flowering in a consistent order from 1 year to the next; however,
only a limited number of these findings arise from studies encompassing many species or sites. Here, we evaluate the con-
sistency in the order species leafed out in the northeastern United States using observations contributed to the USA National
Phenology Network’s Nature’s Notebook platform. We repeated this analysis for flowering, evaluating a total of 132 species
across 84 sites. We documented a relatively high degree of consistency in the order of both events among individual plants,
with higher consistency in flowering. A small number of species pairs exhibited very high consistency in phenological order
across several sites. The majority of species pairs exhibited variability in how consistently they underwent either leaf-out or
flowering from site to site, which could be the result of either plastic or locally adaptive responses. Our investigation revealed
that neither functional type nor seasonal position played a major role in shaping how consistently species leafed out or flowered
in the same order. Instead, we found the number of days separating the events and interannual variability in timing to be the
most influential factors driving the consistency in ordering.

Keywords Phenology - Consistency in phenological order - Phenological order - Phenological ranking - Citizen science -
Spring phenology

Introduction

Plant species in temperate systems are frequently reported to
undergo spring leaf-out and flowering in a predictable sequence,
even under variable interannual conditions (Heinrich 1976;
Lechowicz 1984; Kramer 1995; Linkosalo 2000; Aizen and
Vazquez 2006; Wesolowski and Rowinski 2006; Bennie et al.
2010; Panchen et al. 2014; Cole and Sheldon 2016; Delpierre
etal. 2017; Malyshev et al. 2022). Such a predictable ordering in
springtime phenological events among species in a community
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is logical, given that individual species are cued to leaf-out or
flower by unique combinations of abiotic conditions (Geng et al.
2020; Buonaiuto and Wolkovich 2021; Chu et al. 2021; Ma et al.
2021). The primary environmental drivers of vegetative and
reproductive phenology in temperate systems are thermal accu-
mulation, winter chilling, and day-length (Korner and Basler
2010; Polgar and Primack 2011; Flynn and Wolkovich 2018),
though the relative strength of these factors is species-specific
(Polgar and Primack 2011; Fu et al. 2014; Laube et al. 2014;
Visser and Gienapp 2019).

The unique conditions species require to cue spring-
time phenological events result in unique responses
among species to changing climate conditions. Species
that only require warmth to initiate springtime activ-
ity tend to demonstrate simple, and often pronounced,
advancements in the timing of their activity (Fitter and
Fitter 2002; Menzel et al. 2006; Caffarra and Donnelly
2011; Polgar and Primack 2011). In contrast, species with
chill requirements have been reported to delay spring
activity when chill requirements are not met (Yu et al.
2010; Basler and Korner 2012; Cook et al. 2012; Laube
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et al. 2014). Differential changes in species’ phenology in
response to changing climate conditions have the poten-
tial to affect the ordering of leaf-out or flowering among
plants in a community; a clear reshuffling of the order
species undergo phenological events has been demon-
strated through experimental manipulations (Laube et al.
2014). Changes in the order of phenological events could
disrupt trophic interactions, with impacts on species fit-
ness or abundance and community structure, ecosystem
services such as pollination, gene flow, and competition
among species (Rathcke and Lacey 1985; Fitter and Fitter
2002; Cleland et al. 2007; Memmott et al. 2007; Sherry
et al. 2007; Thackeray et al. 2010; Polgar et al. 2014; Vis-
ser and Gienapp 2019). Our understanding of the order
in which species undergo phenological transitions and
how this is being affected by changing climate conditions
arises from a limited number of studies, many of which
report findings from a small number of species and/or a
confined geographic region (e.g., Wesolowski and Rowin-
ski 2006; Cole and Sheldon 2016). Only a limited number
of studies evaluate multiple species across multiple sites
(e.g., Lechowicz 1984; Panchen et al. 2014; Delpierre
et al. 2017; Linkosalo 2000). Even fewer investigate pat-
terns among multiple functional groups or phenophases.
A more complete understanding of phenological order-
ing among plants and the underlying factors shaping
this property of plant communities supports our ability
to anticipate future changes and impacts to ecosystem
structure and functioning.

National-scale phenology monitoring networks provide an
opportunity to explore patterns in the sequence, or order, in
which species undergo phenological transitions among many
species and across large regions. In this study, we evaluate
how consistently plants at a site leaf-out in the same order
each year using observations contributed to Nature’s Note-
book, a plant and animal phenology observing platform main-
tained by the USA National Phenology Network (Rosemar-
tin et al. 2014). We similarly explore how consistently plants
bloom in the same order each year. Since Nature’s Notebook
launched in 2009, professional and volunteer observers have
contributed over 30 M records of phenology at nearly 20,000
sites. Repeated observations are collected on individual
plants following status-based protocols (Denny et al. 2014),
intended to yield data of sufficient quality and rigor to be
used in research and management applications (Crimmins
et al. 2022). As in other studies from temperate systems, we
expect to see a high level of consistency in the order in which
plants leaf-out or flower at the sites observed through Nature’s
Notebook.

Several features of plants may shape the patterns we
observe in how consistently plants either leaf-out or flower
in the same order at a site. First, the degree of responsive-
ness of plant phenophases to climate or weather cues, or
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phenological sensitivity, has been reported to vary among
plant functional types (Fitter and Fitter 2002; Miller-Rush-
ing and Primack 2008; Rollinson and Kaye 2011; Calinger
et al. 2013; Way & Montgomery 2015; Munson and Long
2017). As such, we expect greater variability in the timing
of leaf-out or flowering among particular groups of plants,
and for this to be reflected in the consistency in the order
of these events among species pairs. Second, many plant
traits, including sensitivity to drivers of phenological events,
vary across species’ ranges (Savolainen et al. 2007; Leimu
and Fischer 2008; Liang 2016). This variable sensitivity can
lead to a different order in which species undergo pheno-
logical transitions among locations and has been reported
in several studies. Waser (1983) reported a consistent order
in flowering between Delphinium nelsonii and Ipomopsis
aggregata at individual sites, though which species flowered
first varied among locations. Inter-site differences in pheno-
logical sequence among species have been reported by oth-
ers as well (e.g., Heinrich 1976; Wesolowski and Rowinski
2006; Vitasse et al. 2009; Panchen et al. 2014). We expect
to see similar variability in the order species either leaf out
or flower across sites. Finally, plant species active earlier in
the season tend to exhibit greater variability in the timing of
their activity than those active later in the season (Geng et al.
2020; Tao et al. 2021; Malyshev et al. 2022). Consequently,
we expect to see higher consistency in the order in which
species either leaf-out or flower among species active later
in the season than those active earlier in the season.

In this study, in addition to characterizing overall pat-
terns in the consistency in the order species either leaf-out or
flower, we explore how various factors affect this ordering.
We ask (1) whether patterns in consistency in the order of
either leaf-out or flowering vary by functional type, (2) how
well patterns in the consistency in the order of either leaf-out
or flowering are preserved across sites, and (3) whether the
consistency in the order of leaf-out or flowering varies over
the course of the season.

Materials and methods

Over 1600 plant and animal species are available for moni-
toring in Nature’s Notebook using vetted standardized
phenophase definitions and protocols (Denny et al. 2014).
We downloaded all “individual-level phenometrics data”
(Rosemartin et al. 2018; USA National Phenology Network
2022) for “breaking leaf buds” and “open flowers” from
2009 to 2022 recorded for plants within 13 temperate zone
states (ME, NH, VT, CT, RI, MA, NY, NJ, PA, OH, MI,
WI, MN) from the USA-NPN database using the rnpn R
package. We retained only the first instance of a “yes” report
in the calendar year for a phenophase at a site, and records
where the first report of “yes” was preceded by a report of
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“no” for the phenophase within 7 days. We excluded obser-
vations where multiple observers submitted conflicting
reports for the same individual plant on the same day. We
also excluded sites with only a single species under observa-
tion and species*site combinations with fewer than 5 years
of observations. After applying these filters, all remaining
sites had only one individual per species with observations.

Characterizing overall patterns in consistency

At each site, we determined the consistency with which pairs
of species underwent leaf-out or flowering in the same order
in the years for which observations were available over the
period 2009-2022. At each site, we calculated a measure of
the consistency in the rank of phenological events among
pairs of species meeting the criteria identified above. This
measure, which we refer to as “consistency,” reflects the
proportion of years when activity in one species precedes
that of another. These values range from 0 (timing of activ-
ity in species A preceded that of species B in all years) to 1
(timing of activity in species B preceded that of species A in
all years). In both of these cases, consistency in phenologi-
cal ordering is actually 100% (order of phenological events
between the two species is the same in every year sampled).
Accordingly, we calculated the inverse value for all species
pair comparisons where consistency was less than 0.5, so
that phenological order consistency values ranged from 0.5
to 1.0. A value of 1.0 indicates that the two species under
consideration leafed out or flowered in the same temporal
order in every year observed at the site, whereas a value of
0.5 indicates an equal number of years when species A pre-
ceded species B and when the inverse occurred. Site*years
with the same onset day of year for the two members of the
species pair were excluded from consistency calculations.

We explored a potential relationship between the number
of days separating events (leaf-out or flowering) in species
pairs using logistic regression with a random effect for site.
For these tests, consistency values of less than 1.0 were con-
verted to 0. To determine the average number of days sepa-
rating events at which the probability of consistency =1.0
switched from less than to 0.5 to greater than 0.5, we solved
the logistic regression formula for y=0.5.

Plant functional type comparisons

To determine whether consistency in leaf-out or flowering
is higher among certain plant functional types, we assigned
each species a label indicating their functional type (decidu-
ous broadleaf, evergreen broadleaf, forb, and graminoid).
As some functional types were very rare in the dataset,
functional type category membership was very unbalanced.
Prior to analyses, we excluded functional type categories
with very small sample sizes (more than three standard

deviations from the mean category sample size). For leaf
out, we removed the evergreen broadleaf-evergreen broad-
leaf category (n=1). We then compared consistency values
among the remaining groups, which included deciduous
broadleaf-deciduous broadleaf, deciduous broadleaf-ever-
green broadleaf, and deciduous broadleaf-semi evergreen
broadleaf, using a Kruskall-Wallis rank sum test.

For bloom, we removed graminoid-deciduous broad-
leaf (n=7), evergreen broadleaf-forb (n=35), graminoid-
evergreen broadleaf (n=4), evergreen broadleaf-evergreen
broadleaf (n=3), and graminoid-forb (n=2). We then
compared consistency values among the remaining groups,
which included deciduous broadleaf-deciduous broadleaf,
deciduous broadleaf-evergreen broadleaf, deciduous broad-
leaf-forb, and forb-forb, using a Kruskall-Wallis rank sum
test.

Among-site comparisons

To evaluate patterns in consistency in leaf-out or bloom
ordering among species pairs present at multiple sites, we
calculated mean consistency in leaf-out or flowering for
these species pairs.

Seasonality comparisons

To determine whether consistency in phenological ordering
of leaf-out or flowering is higher among species undergoing
transitions later in the season, we assigned each species in
a species pair to a tercile (early, mid, or late) based on the
day of year of the event (leaf-out or flowering). We assigned
species pairs based on these terciles (early-early, early-mid,
early-late, mid-mid, mid-late, late-late) and compared the
values among the groups using a Kruskall-Wallis rank sum
test. We then used the Wilcoxon rank sum test for multiple
pairwise comparisons with continuity correction to deter-
mine statistically significant pairs of means. Analyses were
undertaken separately for leaf-out and flowering.

All analyses were carried out in R v1.4.1106.

Results

What is the consistency in phenological ordering
among species pairs for leaf-out and flowering?

For leaf out, we evaluated 516 distinct site*species pairs
encompassing 62 species and 69 sites across the north-
eastern USA (Table S1, Fig. 1a, ¢). Of these, 368 (71%) of
the species pairs demonstrated a consistency value of 1.0,
where leaf-out in one of the species at a site preceded the
other in every year observed (Fig. S1). On average, distinct
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«Fig. 1 Representative time-series of a leaf-out and b flowering day of
year (DOY) at distinct sites and sites with at least 5 years of observations
of ¢ leaf-out and d flowering for at least two species in Nature’s Note-
book. Circle size reflects the number of species pairs evaluated at the site.
In all, leaf-out was observed at 69 sites and flowering was observed at 79
sites

site*species pairs had observations for 4.1 +2.1 years
(mean + SD).

For flowering, we evaluated 956 species pairs encompassing
95 site*species and 79 sites (Table S1, Fig. 1b, d). Of these,
796 (83%) species pairs exhibited a consistency value of 1.0
(Fig. S2). On average, distinct site*species pairs had observa-
tions for 4.6 + 1.8 years (mean =+ SD).

Understanding consistency in phenological
ordering among species

Many species pairs exhibited absolute consistency (=1.0),
undergoing leaf-out or flowering in the same order in every
year observed at a site. The logistic regression model pre-
dicting consistency based on the number of days separating
the mean day of year of the event for the two members of a
species pair was highly significant for both leaf-out and flow-
ering (p <0.001), indicating that the likelihood of absolute
consistency occurring for a species pair increases with the
number of days separating them. For leaf-out, the likelihood
of a species showing consistency of less than 1.0 was greater
when the number of days separating the events in a species
pair was less than 1.01. Once the number of days separating
the events becomes greater than 1.01, the species pair is
more likely to exhibit absolute consistency. The likelihood of
the pair exhibiting consistency = 1.0 increases by 20% with
each additional day separating the two events. Consistency
was very rarely < 1.0 once the number of days separating
leaf-out among species pairs exceeded 23 days.

For flowering, the likelihood of a species showing con-
sistency of less than 1.0 was greater when the number of
days separating the events in a species pair was less than
0.95. Once the number of days separating the events is
greater than 0.95, the species pair is more likely to exhibit
absolute consistency. The likelihood of the pair exhibiting
consistency = 1.0 in flowering increases by 12% with each
additional day separating the two events. Consistency was
very rarely < 1.0 once the number of days separating flower-
ing among species pairs exceeded 35 days.

The variability in the timing of onsets among the mem-
bers of the species pairs also shapes the consistency with
which two species undergo leaf-out or flowering at a site.
Reversals in onsets are more likely to occur when one or
both species exhibits greater interannual variability in the
timing of onset. However, variability in onset has the poten-
tial to impact consistency only when the number of days

separating the events is sufficiently small that variable onsets
might lead to reversals. Species pairs exhibiting very high
interannual variability in onsets can exhibit consistency =1.0
if the number of days separating them is large enough that
the events never coincide in time (Fig. 2). As such, the inter-
annual variability in onset dates among species (SD(DOY))
has a smaller impact on consistency than the number of days
separating the event. In our leaf-out and flowering pairs, high
consistency values are observed among species pairs with
both low and high interannual variability in onset dates. The
inverse is true as well: low consistency values are observed
among species pairs exhibiting all but the extreme lowest
measures of interannual variability in onset dates.

Consistency among plant functional types

For leaf-out, consistency was not significantly different
among the three functional type combinations (deciduous
broadleaf-deciduous broadleaf, evergreen broadleaf-decid-
uous broadleaf, semi-evergreen broadleaf-deciduous broad-
leaf; X% = 5.63, p=0.06, df =2, Kruskal-Wallis rank sum
test). Similarly, flowering consistency was not significantly
different among the four functional type combinations (forb-
forb, deciduous broadleaf-deciduous broadleaf, deciduous
broadleaf-deciduous broadleaf, evergreen broadleaf-decid-
uous broadleaf; X*=35.28, p=0.15, df =3, Kruskal-Wallis
rank sum test).

Differences in consistency among sites

For leaf-out, 93 species pairs were observed at multiple sites,
accounting for 285 of the 516 unique site*species pairs rep-
resented in the full leaf-out dataset (Table S2), and 40 spe-
cies pairs were present at three or more sites. In nearly a
third (34) of the species pairs observed at multiple sites,
consistency was 1.0 across all sites observed. However, the
remaining species pairs had at least one site with a consist-
ency measure of < 1.0.

For flowering, 82 species pairs were observed at multiple
sites, accounting for 245 of the 956 unique site*species pairs
represented in the full flowering dataset (Table S2), and 24
species pairs were present at three or more sites. Forty-eight
(59%) of the species pairs observed at multiple sites exhibited
consistency of 1.0 at all sites where the pair was observed. In
some cases, this was true for species pairs observed at many
sites. The remaining 34 species pairs had at least one site with
a consistency measure of < 1.0 (Table S2).

Consistency over the season
Variability in the timing of leaf-out decreases significantly

over the course of the season (test of the relationship
between mean day of leaf-out for a species at a site and the
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standard deviation of the day of leaf-out for a species at a site
via ordinary least squares regression: y= —0.15X +26.5;
R*=0.24, p<0.001). The same is true for flowering (test
of the relationship between mean day of open flower for
a species at a site and the standard deviation of the day of
open flower for a species at a site via ordinary least squares
regression: y= —0.05x +15.21; R>=0.08, p <0.001).

For leaf-out, consistency was significantly different
among the six groups of leaf-out timing combinations
(X2 =30.64, p<0.001, df =5, Kruskal-Wallis rank sum test).
Consistency was significantly higher among species pairs
originating from different terciles (i.e., early-late, mid-late)
than among pairs of species originating from the same tercile
(i.e., early-early, mid-mid; Wilcoxon multiple comparisons
test, Fig. 3a). Consistency values among early-early species
pairs and mid-mid species were not significantly different for
leaf-out, though consistency for the late-late species pairs
was significantly higher than both early-early and mid-mid
pairs. This indicates a tendency for consistency in the order
of phenophase transitions among species to be higher for
species leafing out in the latest tercile of the season than
those leafing out earlier in the season. However, whether
the species in a pair originate from the same tercile—that
is, leaf-out in the same segment of the season—has a greater
influence over the consistency in leaf-out among the pair
members.

As with leaf-out, flowering consistency was significantly
different among the six groups (X*=76.81, p <0.001, df =5,
Kruskal-Wallis rank sum test). Average consistency was
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lowest among species pairs with both species flowering in
the same tercile (i.e., early-early, mid-mid, late-late; Wil-
coxon multiple comparisons test, Fig. 3b). Consistency was
very high among pairs originating from different terciles
(i.e., early-mid, early-late, mid-late). Similar to leaf-out,
these results indicate that the average flowering time—the
segment of the season in which the species flower—has the
greatest influence on the consistency in flowering.

Discussion

Overall, our results revealed a relatively high degree of con-
sistency in the order of leaf-out and flowering, with flower-
ing exhibiting a greater degree of consistency than leaf-out.
This finding is generally in agreement with similar studies
that reported a predictable but not always perfectly consist-
ent ordering in leaf-out and/or flowering among the species
in a community (Heinrich 1976; Lechowicz 1984; Struck
1994; Kramer 1995; Price and Waser 1998; Wesolowski and
Rowinski 2006; Panchen et al. 2014).

Influence of functional type and seasonality
on consistency

In contrast to our expectations, our evaluation revealed that
functional type has little to no impact on the consistency
in which plants underwent either leaf out or flowering. We
had expected to see different degrees of consistency among
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functional type groups as a consequence of the different
levels of pheonological sensitivity reported in other studies
(e.g., Fitter & Fitter 2002; Calinger et al. 2013; Way and
Montgomery 2015). However, given the composition of our
dataset, functional types such as graminoids were not well
represented and excluded from comparisons. Subsequent
analyses incorporating these functional types are merited.
Our exploration also revealed that for the most part, season-
ality does not play a major role in shaping the consistency in
which species undergo either leaf-out or flowering. Our expec-
tation was that the greater variability in the timing of leaf-out
and flowering typically observed earlier in the season (Abu-
Asab et al. 2001; Fitter and Fitter 2002; Sparks and Menzel
2002; Menzel et al. 2006; Sherry et al. 2007; Ma et al. 2021;

Tao et al. 2021) could drive lower consistency values for spe-
cies undergoing these events earlier in the season. The only
evidence we saw to support this prediction was significantly
higher consistency among plants leafing-out late in the season
compared to those leafing out earlier in the season (Fig. 3a).
This finding suggests that as climate conditions change in the
future, we may not see greater disruptions in the order species
undergo leaf-out (or flowering) within particular segments of
the spring season. Relatedly, greater variability earlier in the
season may also explain differences in consistency observed
between leaf-out and flowering. It seems likely that the higher
rates of consistency observed in flowering compared to leaf-
out are the result of flowering events typically occurring later
in the year than leaf-out in many of the species evaluated.
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In our analysis, the most influential factor driving the con-
sistency in the order of leaf-out or flowering among species
pairs was the span of time separating the two events (Fig. 2).
In our study, species undergoing leaf-out or flowering sepa-
rated by more than three days on average were more likely
than not to exhibit consistency in the sequence of leaf-out
between two species. Furthermore, species pairs leafing out
on average more than 23 days apart did not show reversals.
For flowering, species pairs ceased to exhibit reversals once
the duration separating their events exceeded 35 days. As
climate conditions continue to change and species respond
independently by shifting their phenology, both the span of
days separating phenological events in pairs of species and
the variability in the timing of the two events are likely to be
affected. When species shift their phenology sufficiently that
they are separated by less than a day, on average, reversals
in sequence among the members of the pair will become
increasingly more likely.

Among-site patterns in consistency

A notable strength and unique feature of the dataset evaluated
in this study is the large number of species observed at a large
number of sites. These features enable us to explore patterns
in the consistency in the order of various phenophases in a
novel way, including evaluating the degree to which ordering
in leaf-out or flowering among pairs of species is preserved
across large regions.

In our analysis, species pairs observed at multiple sites
revealed high consistency in the ordering of events across
multiple sites in approximately a third of species pairs for
leaf out and in approximately half of species pairs for flower-
ing. Said another way, for many species pairs, consistency
in the order of activity between the two species varied from
site to site, or across regions. Such variability could reflect
plastic responses among species to different conditions at
individual sites in a single year. Alternatively, differences
in the consistency across sites could indicate local adap-
tation among individual plants. Phenology and sensitivity
to drivers of phenological events have been documented to
vary across a species’ range as a result of local adaptation
(Savolainen et al. 2007; Leimu and Fischer 2008; Liang
2016). Experimental approaches are necessary to further
disentangle whether among-site differences are driven by
plasticity, local adaptation, or a combination of these factors.

A small number of species pairs exhibited very high con-
sistency in the order of either leaf-out or flowering across
several sites. For example, hobblebush (Viburnum lanta-
noides) and Canada mayflower (Maianthemum canadense)
exhibited the same order of flowering across 11 sites in every
year observed. High consistency values such as this are best
be explained by the amount of time separating the events.
Hobblebush is active very early in the season and Canada
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mayflower is active later in the spring season; accordingly,
conditions cueing flowering in these two species would need
to change dramatically to cause them to reorder their flower-
ing sequence.

Strengths and limitations of the phenology dataset
evaluated

The phenology observations evaluated in this study originate
from participants in the USA-NPN’s Nature’s Notebook pro-
gram, who are both professionals and volunteers. The quality
of observations contributed by volunteers is frequently ques-
tioned (Aceves-Bueno et al. 2017). Volunteer-contributed
data may suffer from a variety of errors that could affect
our estimates of consistency, including species misidenti-
fications, phenophase misidentifications, and infrequent or
inconsistent observations.

Volunteers’ ability to properly identify species is vari-
able; volunteer observers tend to generate more accurate
data when presented with concrete tasks such as taking
measurements or making categorial assessments as opposed
to the more open-ended tasks of species identification
(McDonough MacKenzie et al. 2017). When participating
in Nature’s Notebook, observers are required to identify and
register plants and then to collect periodic observations on
the plants following a protocol comprised of binary and cat-
egorical choices. As such, species identifications may be the
step most vulnerable to error in the phenology observation
process. Errors in species identification would not affect the
site-specific pairwise comparisons. However, misidenti-
fied species could impact inter-site comparisons by pooling
observations from incorrectly identified species with indi-
viduals of the intended species.

Observers’ assessments of phenophase status may also
include errors, though since these assessments are categori-
cal in nature (yes/no/unsure), they are less likely than species
identifications to be in error. Fuccillo et al. (2015) demon-
strated that on average, participants in Nature’s Notebook
correctly assess the phenophase status of plants 91% of the
time. Volunteers’ ability to correctly assess phenophase sta-
tus is poorest when evaluating the first phenological events
of the season, which is often breaking leaf buds. Accord-
ingly, the observations of leaf-out could exhibit a higher
error rate than those of flowering, contributing to the lower
consistency measures observed in leaf-out than in flower-
ing. However, we see similar variability among observa-
tions for leaf-out contributed by professionals and volunteer
observers. For example, the observations originating from
site #2 were contributed by a USA-NPN staff member and
are therefore expected to be of high quality. The observa-
tions of leaf-out at this site show a similar degree of vari-
ability to those contributed at other sites. Furthermore, vari-
ability in observations at site #2 is greater for leaf-out than
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for flowering. As such, we qualitatively conclude that the
variability observed in onset dates is more likely to reflect
the true activity of the plants under observation than due to
observer error. Plants observed erratically or infrequently
were likely excluded from our analyses; we required the date
of onset for a leaf-out or flowering for an individual plant (a
report of “yes” to leaves or open flowers) to be preceded by
a report of no leaves or flowers within the preceding week.
As such, the tendency for infrequent observations within
the Nature’s Notebook dataset does not impact our results.

In the dataset evaluated, only a single individual of a
species was observed at a site, by nature of the sites that
were retained in the analysis. As such, we assume that the
phenology of this individual reflects that of the local popula-
tion. The phenology of individual plants at a site may vary
as a result of local conditions such as soil moisture, social
status, age, or shade status (Capdevielle-Vargas et al. 2015;
Gressler et al. 2015; Delpierre et al. 2017), and volunteer
observers may preferentially chose to observe individual
plants that are more accessible or that are not representative
of the local population (Daru et al. 2018). Observations col-
lected on individual plants not representative of the popula-
tion would not likely have a major impact on our estimates
of consistency but could affect inter-site comparisons of
species pairs and by extension, our identification of species
possibly exhibiting local adaptation. A more robust evalu-
ation of the potential of local adaptation across a species’
range should incorporate observations of more individuals
at distinct sites across the range.

In this study, we evaluated phenology observations of
nearly 1500 species pairs contributed from close to 100 sites
across the northeastern United States. The spatial extent and
taxonomic breadth of this dataset enabled a robust evalua-
tion of the consistency with which species undergo spring-
time phenological activity. In addition, this dataset enabled
a novel investigation of phenological behavior across species
ranges. The rapidly growing phenology data maintained by
the USA-NPN hold the potential to support investigations
of this nature to an increasing extent.

Implications

Our findings suggest that if changing climate conditions
cause species to shift their timing such that the amount of
days separating them decreases, the likelihood of disruptions
in their phenological ordering becomes increasingly greater.
This may be especially true for species pairs cued by differ-
ent drivers. Species highly sensitive to temperature to trig-
ger leaf bud break advance their phenological activity under
warmer spring temperatures, while those with stronger winter
chill or photoperiod requirements often delay activity when
exposed to anomalous springtime warmth (Korner and Baser
2010; Way and Montgomery 2015). Changes in temperature

driving these events could lead to either temporal compression
or divergence in the timing of activity among species pairs,
with an impact on the consistency of their sequencing (Fitter
and Fitter 2002; Sherry et al. 2007; CaraDonna et al. 2014;
Laube et al. 2014; Zohner et al. 2016, 2018). Disruptions in
phenological sequence can reduce synchrony among species
(Montgomery et al. 2020) with impacts on both community
structure and function. Shifts in the timing or sequence of
leaf-out phenology have implications for large-scale cycles
like carbon and water, as well as folivorous insect populations
which in turn affect insect outbreak and soil nutrient dynamics
and higher trophic levels (Visser et al. 1998; Chapman et al.
2006; Richardson et al. 2009; Kim et al. 2018; Ekholm et al.
2020). Similarly, shifts in flowering phenology can lead to
shifts in floral density and co-flowering patterns, with conse-
quences for plant fitness, gene flow, and pollinators (Rathcke
and Lacey 1985; Fitter and Fitter 2002; Memmott et al. 2007,
Sherry et al. 2007).

Conclusions

In this study, we documented relatively high consistency in
the sequence of leaf-out and flowering among individual
plants collected across a large region, with higher consist-
ency in flowering than in leaf-out. While our analysis indi-
cated that plant functional type and position within the sea-
son (e.g., early leaf-out vs later season leaf-out) do not play
much of a role, it revealed that consistency in the order of
phenological events is shaped primarily by the number of
days separating the events as well as by interannual variabil-
ity in timing. Increased understanding of the complex nature
of phenological sequencing provides important insight into
the dynamic behavior of and interactions between species
as well as trophic disruptions due to climate change. The
multiple-site, pairwise analysis of phenological ordering
presented here demonstrates a novel approach to evaluating
and understanding the primary factors shaping interspecific
consistency and may provide new ways to uncover plastic
or locally adaptive responses in individuals or species. This
approach merits further investigation with the suggestion
to include observations from an increased number of sites
and plant functional types gathered across a larger region
over longer time periods. In addition, this work illustrates
the opportunity that national-scale phenology monitoring
network platforms provide to explore patterns in the order of
phenological events among many species and across broad
geographic scales.
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