10

15

20

25

Title: A Conceptual Framework for Measuring Ecological Novelty

Authors:

Staples, Timothy L; Blois, Jessica; Cramer, Katie L; Cunningham, Emer T; Dornelas, Maria;
Haberle, Simon G; Heger, Tina; Kiessling, Wolfgang; Magurran, Anne E; O'Dea, Aaron; Penny,
Amelia M; Radeloff, Volker C; Smith, Jansen A; Thuiller, Wilfried; Williams, John W; Pandolfi,

John M

Abstract:

Background: Human pressures are driving the emergence of unprecedented, ‘novel’, ecological
and environmental systems. The concept of novel (eco)systems is well accepted by the
scientific community, but the use and measurement of novelty has outgrown initial definitions
and critiques. There are still unresolved methodological and conceptual differences in

quantifying novelty that prevent a unified research approach.

Framework: Here we present a conceptual framework and guidelines to unify past and future
measurement of ecological novelty. Under this framework, novelty is a property of an ecological
or environmental entity of interest. Novelty is quantified as the comparison between the target
entity and a reference set, measured as the summary of degrees of difference across one or
more dimensions. Choices in these components of novelty, particularly the reference set, can

change resulting measurements and inferences.

Showcase: We provide a case-study to showcase our framework, measuring pre- and post-
European novelty in 99 pollen assemblages in Midwest USA forests. We paired this quantitative

exploration with a five-step process designed to improve the utility and outcomes of novelty
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analyses.

Conclusions: Quantitative novelty has immense value in studies of abrupt ecological change,
linking climatic and ecological change, biotic interactions and invasions, species range shifts
and fundamental theories. Our framework offers a unified overview and is also primed for
integration into management and restoration workflows, providing consistent and robust

measurements of novelty to support decision making, priority setting and resource allocation.

Keywords: community composition, dissimilarity, multidimensional comparisons, no analog

communities, novel communities, novel ecosystems, time series
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Human-driven environmental change defines the Anthropocene (Lewis & Maslin, 2015). The
anthropogenic pressures altering natural systems are unprecedented in strength (Sage, 2020)

and ubiquitous across local (e.g., pollution, land clearing) and global (e.g., anthropogenic
warming) scales (Ricciardi, 2007; Ellis et al., 2010; Ellis, 2011; Radeloff et al., 2015; Waters et
al., 2016). Abiotic and biotic systems are consequently transitioning into ‘novel’ states distinct
from past observations (Mascaro et al., 2012; Hobbs et al., 2013; Truitt et al., 2015; Heger et al.,

2019), a term that has been applied to ecological communities and assemblages (Overpeck et

al., 1985; Williams et al., 2001; Lurgi et al., 2012; Young, 2014; Ordonez et al., 2016; Finsinger
et al., 2017; Burke et al., 2019; Pandolfi et al., 2020; Staples et al., 2022), abiotic climatic

conditions (Kueffer, 2015; Radeloff et al., 2015; Mahony et al., 2017; Fitzpatrick et al., 2018),
species interactions (Saul & Jeschke, 2015; Schittko et al., 2020) and entire ecosystems

(Chapin & Starfield, 1997; Milton, 2003; Hobbs et al., 2006, 2009; Graham et al., 2014; Hobbs,

2017).

While the concept of “novel ecosystems” was initially controversial (Aronson et al., 2014; Hobbs
et al., 2014b; Hobbs, 2017), it has become well-established (Hobbs, 2017). More recent
research has advanced methods to quantify novelty in ecological systems, measuring the
difference of an entity, of whatever ecological or environmental variety, from others (Radeloff et
al., 2015). These measurements of novelty have been used to identify when and where
contemporary systems are changing to non-historic states (Morse et al., 2014; Fitzpatrick et al.,
2018). Novelty can also be projected into the future. Forecasting potential novel climates under
climate change scenarios (Radeloff et al., 2015; Mahony et al., 2017) offers a way to project
how environmental and ecological regimes may change, particularly where existing
conservation goals or ecosystem services may be threatened (Williams & Jackson, 2007;

Hobbs et al., 2009). Novel states that emerged in the past also provide valuable opportunities to
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study how species and communities respond to changes in composition or underlying abiotic
conditions (Marris, 2009; Hobbs et al., 2013). These past observations can also identify
potential environmental drivers and ecological consequences of novel changes (Williams &

Jackson, 2007; Pandolfi et al., 2020) and inform ecosystem management and forecasting
(Fitzpatrick et al., 2018). This diverse body of literature on how to measure novelty was absent

during the initial conceptualization of novel ecosystems (Hobbs et al., 2006), but current
methods and terminology remain disparate (Williams & Jackson, 2007; Truitt et al., 2015), with
no underpinning structure or consensus. Novelty has been measured relative to a spatial suite
of past assemblages or conditions (Finsinger et al., 2017), to a spatial suite of future
assemblages (Overpeck et al., 1992) and to a temporal suite of a site’s past states (Staples et
al., 2022), including different sub-variants of novelty (Burke et al., 2019; Pandolfi et al., 2020)
(Figure 2). Novelty studies also differ in whether, and how, they make statistical comparisons of
novelty across different sites to draw conclusions, in part because there is no overarching
framework to follow. Frameworks act as both template and reporting standard. As a template,
frameworks scaffold and highlight decision-making, allowing analysts to understand which
choices are likely to impact their results. As a reporting standard, a framework contains the
minimum set of details necessary to reproduce an analysis, improving transparency and clarity.
Without a framework that explicitly describes the analytic choices that impact novelty

measurements, future research cannot build consensus and progress.

Here we define a framework to standardize the measurement of ecological and environmental
novelty, building upon existing definitions (Hobbs et al., 2013; Morse et al., 2014; Heger et al.,
2019) and analog-based inferential approaches in paleoecology (Overpeck et al., 1985;

Williams & Jackson, 2007) to provide a common set of terminology (Table 1) and structure (Fig.

1). We provide five statements that underpin our formal definition of quantitative novelty. We
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then describe a methodology to apply our framework, with a five-step process that can assist

research and management to understand the explicit and implicit choices in novelty

measurement. This methodology is paired with a quantitative case-study as an example of

framework use. Finally, we outline future research opportunities for quantitative novelty that can

advance both fundamental ecology and applied ecological management.

1.

Underlying statements and definition

Our novelty framework is built on top of five statements that we have derived from the overt or

implicit assumptions in past novelty research. These statements ground the concept of novelty

to be workable and applicable across theoretical and real-world contexts.

1.

Novelty is an ecological property, not a process. Original definitions of “novel

ecosystems” required pairing of processes and patterns (e.g., Hobbs et al., 2013), but
this contradicts both recent quantitative work (Radeloff et al., 2015) and non-ecological
definitions of novelty (Pimentel et al., 2014). We consider the identification of drivers and
processes as separate to the measurement of novelty, made either prior (e.g.,
quantifying novelty in response to an observed driver) or subsequently (e.g., identifying

drivers behind an observed mass extinction).

Novelty can occur in the absence of human activities. While human-driven novel states

are potentially widespread (Marris, 2009), they are a subset of broader novelty that
includes past, present, and future states driven by both natural and anthropogenic forces
(Hobbs et al., 2009; Jackson, 2013; Heger et al., 2019). Novelty simply requires a
differentiation of a state, which applies to both contemporary occurrences of novelty, as

well as those emerging from natural processes in pre-human time periods.
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3. Novelty is a value-neutral measurement. Novelty refers to distinction, and does not

ascribe value, including assessments of system degradation or stability, the magnitude
of natural capital, or conservation or restoration potential. A “novel ecosystem” has been
defined as resulting from degradation (Hobbs et al., 2006), while simultaneously
criticized as representing scientific endorsement of human landscape modification
(Aronson et al., 2014). The value of a novel system is ultimately a matter of perspective
and preference, both socially and ecologically. A novel environment created by land
clearing for farmland may have reduced value from the perspective of conservationists,
and for native taxa. But the same system may have increased value for capital
production and provide opportunities for native and exotic weeds. In both cases the
novelty of the system, its uniqueness, is not linked to the system’s value or change in
value. We suggest regarding novelty as independent from these sets of values, which

can be considered either before or after novelty measurement (as in Heger et al., 2019).

Novelty can be measured at any scale across space and through time. Novelty simply

requires the specification of observable “entities”, which include commonly made
comparisons at the community or landscape scale, but also include species or individual
organisms (Heger et al., 2019). As well as scale, there is no theoretical bounds to the
direction that novelty can be measured in. Novelty for a given entity has been measured
relative to a contemporaneous reference (Hobbs et al., 2013), to a selection of past
(Radeloff et al., 2015; Burke et al., 2019) or future states (Overpeck et al., 1992), or for a
given time series (Pandolfi et al., 2020; Schittko et al., 2020). This agnosticism to time
allows us to subsume the related no-analog classification used in paleoecology under
the broader umbrella of novelty (Williams & Jackson, 2007; Truitt et al., 2015). While

there are temporal and spatial limits to where novelty is a relevant property, we do not
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define these limits. Appropriate scales will depend on research aims and data, and
instead we promote the consideration and explicit reporting of temporal context (Kerr et

al., 2024).

5. Novelty is not the same as irreversibility. Novelty refers to a substantial change in some

underlying system characteristics, while irreversibility requires that these changes be
persistent and resilient to reversal efforts. Persistence, a core component of initial
definitions of novel ecosystems (Hobbs et al., 2013), was criticized for requiring the
quantification of ecological thresholds (Murcia et al., 2014), which remains a challenge in
real-world systems (Donohue et al., 2016; Van Meerbeek et al., 2021). Adding to this
complexity, ecological novelty may create a system that functions differently to its past,
without any future observations. Ultimately it may be valuable to consider whether
novelty results in a barrier to reversal, whether it be social or ecological, but this

discussion is separate from the measurement of novelty itself.

2. Defining novelty
We define quantitative novelty via its calculation, which is made by comparing a target entity
with a reference set, using a measurement method to define a degree of difference across one
or more predefined quantitative dimensions (Fig. 1: terms defined in Table 1). This is not the
only paradigm for defining novelty (Pimentel et al., 2014), but comprehensively captures past
use of the term in ecological and environmental science. Quantitative dimensions refer to data
recorded for each entity, such as abundances of a set of species or values for a set of climatic
variables (Table 1). Dimensions do not refer to the spatial or temporal context of the target entity
to the reference set (Fig. 2). The reference set is used to establish an expectation by which the
target entity can be evaluated. The degree of difference, an intentionally broad term, can be

measured with any method that distinguishes between an expected and anomalous signal



170

175

180

185

190

(Pimentel et al., 2014). Past research on ecological novelty has almost universally used
dissimilarity indices to measure degrees of difference. Dissimilarities between the target and
each reference entity are summarized, such as the minimum target-reference set dissimilarity,
to represent the target’s novelty (Radeloff et al., 2015). Studies of novelty often repeat the
measurement process for a number of target entities, either using discrete reference sets that
lie outside of the pool of targets (Radeloff et al., 2015), or by treating each entity in a reference
set as a target in turn to sequentially estimate novelty measurements (Burke et al., 2019;
Pandolfi et al., 2020). The specification of different reference sets has also been used to create
different sub-variants of novelty for the same target entities (Burke et al., 2019; Pandolfi et al.,

2020).

Converting continuous novelty measures into novel classifications requires defining a threshold,
as does any classification into discrete classes. While this results in information loss, ecosystem
management, including conservation and restoration, often prefer the simpler decision-making
that can result from classifications (Samhouri et al., 2010), such as inclusion in hierarchical
management frameworks (Schlappy & Hobbs, 2019). Seminal work on novel ecosystems
defined thresholds as ecological boundaries that cannot be easily reversed (Hallett et al., 2013;

Hobbs et al., 2014a; Miller & Bestelmeyer, 2016), but such thresholds are not readily apparent
in natural systems (Kattan et al., 2016; Hillebrand et al., 2020). Instead, we define thresholds as

quantitative boundaries that separate novelty measurements, such as a binary threshold to

divide “novel” and “not novel” classifications (Fig. 1). Past research has defined these
boundaries using a particular novelty value (Jackson & Williams, 2004), quantiles of novelty
measurements aggregated across several target entities (Finsinger et al., 2017), or probabilistic
values from more complex models (Wahl, 2004; Mahony et al., 2017; Pandolfi et al., 2020).

Thresholds are not required to draw inference from novelty; numeric values are interpretable



directly and can avoid boundary effects that emerge with classification (as in p-values:

Wasserstein et al., 2019).
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Novelty can be measured as the degree of difference A target with novelty exceeding a
in a group of predefined dimensions threshold that represents profound or
between a target and a reference set anomalous change is ‘novel’

Group of
pre-defined
dimensions

Not novel Novel

mmum °
Euclidean i
distance !
min( II(T, R)II' ) 0 1 2

Novelty

Figure 1: Conceptual framework and components of the measurement of ecological and
environmental novelty. Broad definitions (black boxes) for novelty and novel are underpinned by
quantitative components (colored boxes). Novelty is a comparison between a target entity and a
reference set, measured as a degree of difference across one or more dimensions. In this
example, novelty is the minimum Euclidean difference in the set of target-to-reference point
comparisons. Each of these components are defined by the analyst, depending on the question
and dataset, and alter the calculation and interpretation of novelty (e.q., Fig. 2). Finally,

conversion of continuous novelty to novel classification requires defining a threshold.

10
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Table 1: Terminology and definitions used as a ‘nomenclature of novelty’.

Term Definition Example Other names
Entity A bounded region in space and Community, remote- Observation,
time where observations are sensing grid cell, sampling unit, site
made. population, individual
organism, geographic
region.
Target The entity of interest for which A specific current Focal

Reference set

Group of
predefined
dimensions

Degree of
difference

Novelty

Threshold(s)

Novel

novelty is calculated.

One or more entities that are
compared to the target and used
to measure novelty.

A multidimensional set of
quantitative values for the target
and each reference set entity that
are used to measure novelty.

A measurement method used to
compare the target entity’s
observations in pre-defined
dimensions to those of reference
A property of an ecological or
environmental entity, measured as
a summary of the degree of
difference in a group of predefined
dimensions between a target and
a reference set.

Value(s) beyond which the
continuous novelty of a target
entity is converted into
classifications, such as a binary
“novel” versus “not novel”.

Quality of a target entity with
novelty exceeding a threshold that
represents profound or anomalous
change.

community, a set of
projected climate
conditions.

Set of past community
compositions, set of
present global climatic
conditions.
Environmental variables,
species abundances,
community-weighted trait
means.

Dissimilarity index, signal
processing methods.

Minimum target-to-
reference entity
difference, average of n
smallest dissimilarities,
signal processing
methods.

Dissimilarity value,
distribution quantile,
modelled probability.

A community exceeding a
pre-set dissimilarity value
relative to nearby
communities.

Baseline group,
reference site,
training set

Feature set, data
dimensions,
variable set

Dissimilarity,
distance,
comparison,
deviation

Anomaly score,
outlyingness, no-
analog value

Cutoff, boundary,
classification
threshold

Anomalous, outlie
no modern analog

r7

11
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(A) No-analog
communities
Overpeck et al. 1992

Pollen

Mean
1 - Jaccard

(B) Complementarity

Colwell & Coddington 1994

(C) Novel
ecosystems
Hobbs et al. 2006

(D) Climate novelty

Williams et al. 2007

Compositional
(E) novelty
Finsinger et al. 2017

Novel
(F) communities

Pandolfi et al. 2020

Euclidean
& Gower

(G) Biotic novelty

Schittko et al. 2020

Minimum
standardized
Euclidean
distance

Figure 2: Past research into ecological and environmental novelty decomposed into the five
components of our framework. Despite substantial differences in aims, scale and methodology,
210  all research sections can easily be divided into framework components, highlighting similarities
and differences. Under Target & Reference set, the x-axis relates to temporal position and the
y-axis relates to spatial position. Target entities are indicated by “t”, with dark green circles as
the reference set. Degrees of difference marked by * contain more complex methods; only the

underlying dissimilarities are shown here.
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3. Using the framework to describe and distinguish novelty measurements

The most effective application of ecological novelty is one that researchers and managers can
use; this was the justification behind the original genesis of novel ecosystems (Hobbs et al.,
2009; Harris et al., 2013). Ad-hoc application of measurement or classification of novelty has the
potential to create confusion and sow public and scientific doubt (Aronson et al., 2014), and

many early attempts to define novel ecosystems were vague (Fig. 2, Truitt et al., 2015).

Our framework is designed to guide and structure future quantitative research into ecological
and environmental change, providing terminology and context to describe differences in
research aims and methodologies. To improve the communication and transparency of novelty
research, we suggest five steps during design, analysis and interpretation that clarify what

novelty measurements mean and how they relate to prior work.

We describe each of the steps below alongside a quantitative case-study to act as an example:
identifying novelty in pre- and post-European vegetation, using pollen sediment data in 99
palynological time series from the temperate forest region of Midwest USA (centered on
Minnesota: Fig. 3B). These records have been well-studied in past analyses of ecological
novelty (Overpeck et al., 1992; Williams & Shuman, 2008; Burke et al., 2019; Staples et al.,
2022). We applied four different novelty measurements, reflecting common target to reference
set arrangements observed in past research, to use similarities and differences to help articulate
framework recommendations (Fig. 3). The case study was analyzed in R version 4.4.0 (R Core
Team, 2022), with the following packages: Ime4 (Bates et al., 2015), here (Miller, 2020),
neotoma2 (Socorro & Goring, 2023), rworldmap (South, 2011), sf (Pebesma & Bivand, 2023),

shape (Soetaert, 2024), vegan (Oksanen et al., 2024) and WorldFlora (Kindt, 2020).
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Figure 3: (A) Case study schematic
of novelty measurements using
outlined framework structure. Each
time series (“S”, rows) is
represented by two temporal
observations of pollen family
relative abundances (columns).
Each green circle describes
novelty for a single target (‘")
compared to a reference set (all
filled circles), measured in one of
four ways: “No-analog”, backwards
through time, using a past target
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set; “Past comparison”, a past
target compared to a past
reference set; and “Present

comparison”, a present target

compared to present reference set. Novelty was estimated as the minimum target-reference set
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USA.

Bray-Curtis dissimilarity. (B) Distribution of case-study time series across four states of Midwest



Table 2: Decomposition of novelty measurements into a minimum reporting standard that lists
both data restrictions and analytic choices that may impact novelty. In the case-study data,
there was no spatial arrangement of the reference set (e.g., reference sets containing only sites
270  poleward of the target). The only differences between novelty measurements were in the
temporal extent and temporal reference-target arrangement, which are clearly indicated and
underlined in this table. In the context of this case study, “modern” refers to average pollen

assemblages from 1500-2000AD, and “pre-modern” refers to 1000-1500AD.

Target and Reference Set

Novelty Spatial scale Temporal scale Degree of ;1 onsions  Threshold
measurement difference
Extent Grain Ref-Target Extent Grain Ref-Target Refere.nce
arrangement arrangement set size
Relative
No-analog Minimum abundance
“Different from 368- Varied None 1000- 500 Subsequent to 99 Brav-Curtis of family-
any modern 701km  (watershed) 2000AD  vyears target diss)i/milarit level oll{en
assemblage” ¥ > P
grains (20)
Time’s arrow Relative
“Different to } Minimum abundance
368- Varied 1000- 500 . . }
- - -
any pre- 701km  (watershed) None 2000AD years  Crortotarget 9 3;1¥m(flgﬁ;j I;’erff';)':?;n
assemblage” grains (20)
Past Relative
f[;)i\ls?/ﬁac?fsrg; 368- Varied None 1000- 500 Contemporaneous 08 B“r/le;;irCnﬂrntqls agfu fr; (::i?yc_e
701km  (watershed) 1500AD  years to target P
assemblages dissimilarity level pollen
in the region” grains (20)
Present Relative
comparison . Minimum abundance
it 368- Varied 1500- 500 Contemporaneous . )
Distinct from 701km  (watershed) None 2000AD  years to target o8 Bray-Curtis of family-
assemblages dissimilarity level pollen
in the region" grains (20)
275
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Figure 4: Novelty of pollen time series in temperate Midwest USA, measured with four different

target-reference set arrangements (Table 2, Fig. 3) and collated using Principal Component

Analysis (PCA). All novelties were logit-transformed prior to PCA; arrows are eigenvectors of

(A) the first and second, and (B) third and fourth principal components. Color gradient reflects

position on the first two principal components.
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1. Decompose novelty into framework terminology

Rationale: We suggest that in an early phase of a novelty study, analysts use the structure and
terminology of the framework in Figure 1 and Table 1 to decompose their novelty measurement
into constituent components (e.g., Table 2). This provides both a standardized description for
ease of subsequent analyses and future reference, as well as a set of minimum standards that

allow for repeatable and transparent reporting.

Case-study: Palynological time series contain samples occurring at different times, based on
stratigraphic differences in site sediments. We followed palynological convention by averaging
pollen samples into standardized time windows of 500-years, a “modern” period, 1500 - 2000AD
(-50 to 450 ybp), and a “pre-modern” period, 1000 — 1500AD (450 — 950 ybp). All novelty
measurements were estimated using the minimum Bray-Curtis dissimilarity between each target
and the reference set, using relative pollen count of the twenty most abundant plant families

across all time series records (see Supplementary Material).

We used this set of time series to estimate novelty in four ways, using consistent methods that
varied only in the target-reference set arrangement (Table 2, Fig. 3). First, we treated the past
sample for each site as a target, with all present samples acting as a reference set. This
resembles the paleoecological “no-analog” approach (Overpeck et al., 1985). Second, we
treated the present samples as targets with a past reference set. These novelty values are akin
to compositional novelty applied in paleoecological studies (Finsinger et al., 2017), and orient
comparisons along “time’s arrow”. The third and fourth novelty measures were within-time
window approaches, treating each past sample as a target with a reference set containing all
other past samples, and likewise for present samples. These are most akin to complementarity

(Fig. 2B); we refer to these as “present comparisons” and “past comparisons”, respectively.
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2. Clarify the temporal and spatial scale of novelty measurement

Rationale: Many studies of novelty use data across space and time, but the actual
measurement of novelty is restricted to a subset of these extents. Novelty is a measurement for
a single target, and analysts need to distinguish between the extent and dimensions of the data
used to generate the target and reference set, and the extent and dimensions of these novelty
components. This clarification helps distinguish between novelties used in past research that
appear the same on the surface. For example, differentiating novelty using reference sets with
broad spatial extent but little temporal depth (e.g., Fig. 2E: “Compositional novelty”) from time
series reference sets that have broad temporal extent but are restricted in space (e.g., Fig. 2F:
“Novel communities”); both are compositional or assemblage comparisons, but their similar
names obscure differences in reference set structure. Finally, the relative position of the
reference set and target in space and time should be defined, as this contributes to the
perspective that novelty measurements offer and is the major difference between past novelty
research (Fig. 2). A reference set can be temporally unconstrained, or exist entirely prior to,
contemporaneous with, or subsequent to the target entity. Likewise, a reference set can be
spatially mixed, or constrained in any of the three spatial dimensions (e.g., westwards,

polewards or lower elevation).

Case-study: Novelty measurements were made across spatially mixed pollen assemblages,
with potential contributions from different vegetation types, averaged across long temporal
periods. Spatial scales were consistent, while the temporal scale and arrangement of the
reference set and target differed. The spatial extent of novelty measurement varied from 368-
701km (median = 477km), based on the location of the target entity relative to reference set

entities (Fig. 3B). Spatial grain also varied. While sediment cores were small, pollen represented
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a space-averaged mix from vegetation in the surrounding area, potentially to the entire

watershed, biased towards individuals proximate to the sample location.

Novelty was measured using pollen composition dated between 1000 and 2000 AD
(representing pre- and post-European ecological context). The temporal extent was 1,000 years
for novelty measurements that made through-time comparisons (no-analog and time’s arrow),
while the within-time past and present comparisons had a temporal extent of 500 years, the
width of the sampling bins. The temporal grain of time series observations, 500 years, average
together seasonal and annual variation, providing coarse estimates of overall composition
across multiple generations of constituent taxa. The temporal arrangement differed between
novelty measurements, with reference sets prior to (time’s arrow), contemporaneous to (past

and present comparison) and subsequent to the target (no-analog).

3. Describe novelty components, differentiate data restrictions from analytic choices

Rationale: Once it is clear where novelty is being measured, analysts should clarify the other
components of the framework, including measurement of the degree of difference, over which
dimensions, and if, and how, a threshold was applied. Some of these components will be
restricted by the dataset or research question, and some will be chosen by the analyst, and this
distinction is useful. The palynological data from our case-study have been included in multiple
past novelty studies (Overpeck et al., 1992; Burke et al., 2019; Staples et al., 2022),
represented by Figure 2A, E and F respectively. These studies have biases and restrictions
arising from the underlying data, including differences in pollen production and precision of
pollen identification across taxa (Birks et al., 2016). Regardless of analyst choices, these data
restrictions will impact novelty measurements and what inferences can be drawn. Even with the

same data, however, each of these studies used a different configuration of target and
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reference entities, with different research questions, deriving unique perspectives from a
singular resource. This is especially true where past research has applied more complex
methods to quantify the degree of difference (Figure 2), introducing even more specificity in the
meaning of novelty measurements. Realizing the utility of measuring novelty requires analysts
to identify and describe these biases, distinguishing analytic choices from data restrictions,
provide clear methodological descriptions, and conducting sensitivity analyses to test the

robustness of their conclusions.

Case-study: We used palynological time series samples from lake sediments. Pollen
composition is only a proxy for vegetation composition (Felde et al., 2015; Matthias et al., 2015),
with structural biases which limit the accuracy and precision of novelty measurement. Alongside
these structural biases, we made choices that influenced novelty measurements. These include
using a 500-year pollen sampling window, using restricted reference sets over limited regions of
space and time, aggregating palynomorphs into plant families and the use of relative abundance
Bray-Curtis dissimilarity. We conducted an alternate analysis, aggregating palynomorphs into
plant genera, as a test of how our choice of dimensions may have impacted our results (Fig. S3-
6). Genera novelties were strongly correlated with equivalent family novelties (R = 0.593 -
0.733), but there were notable differences where intra-family variation drove, or minimized,
novelty in some targets (Fig. S6). An additional sensitivity test highlighted how novelty increases
as a function of dimensions included (in this case, plant families), presenting further evidence of

how analytic choices can impact downstream novelty measurements (Fig. S7).

4. Derive what novelty means, and does not mean, given dataset and analytic choices

Rationale: The meaning of novelty derives from the interaction of framework components.

Analysts need to interpret novelty in the light of this interaction. For instance, novelty is only
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relative to the reference set, and a novel target may not be truly unique if the reference set is
biased or incomplete (such as niche truncation issues in climatic niche modelling: Peterson et
al., 2018). The reference set frames the context for novelty measurements, regardless of
whether reference entities represent a range of states the target is expected to resemble (as in
macroecological novelty research), or a restricted ideal state (such as a restoration reference
site). Similarly, a target may be undetectably novel if relevant dimensions are excluded (e.g., the
exclusion of grass pollen with a genus-level comparison) or may likewise be meaningless if the
wrong dimensions are included (e.g., inclusion of pollen from aquatic plants). Finally, temporal
and spatial scale will impact the contribution of different processes to novelty. Novelty measured
with small-scale targets and reference sets will emphasize similarly scaled processes, such as
stochasticity, microclimatic gradients and short-term climatic variation. Even a single year of
drought may alter vegetation to the point where an assemblage appears novel at a small
temporal grain. Broader scale comparisons will have the opposite effect. For instance, novelty
across deep time will be strongly influenced by evolutionary processes, with variation from
climate and neutral dynamics averaged within a broad temporal grain (Pandolfi et al., 2020).
These impacts are the case with past novelty work, even where they may have been unstated.
We suggest that clarifying the meaning of novelty measurements is invaluable for interpretation

as the research field moves forward.

Case-study: A summary of the meaning of case-study novelties is listed in Table 2. Overall,
novelty measurements retained distinctive signals (Fig. 4A-B), despite being calculated across
the same compositional data and with similar framework components (Table 2, Fig. 3). Just
under half of variation in the four novelty measurements (47.59%) was correlated: sites with
large novelty in one measurement tended to be large in others (Fig. 4A). Another 22.30% of
variation could be explained by dividing novelty variants in those making temporal comparisons

(no-analog and time’s arrow) versus variants with only spatial comparisons (past and present

10
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comparison: Fig. 4A). The remaining 30.11% of variation in novelty measurements was unique
(Fig. 4B). Some sites had low (e.g., 9870) or high (e.g., 25281) novelty across all
measurements (Fig. 4); in others, novelty was elevated only with particular reference sets. Sites
with low novelty may be useful for studies of resilience, identifying site features or taxa traits that
promote compositional stability within a landscape. Low novelty sites 9867, 9870 and 9872
contained 50-65% Fagaceae pollen, primarily Quercus. These oak-dominated sites were part of
a compositional cluster with consistently low novelty across all four measures (Fig. S2). Despite
low overall novelty, site 9867 had a Present comparison novelty that was much higher,

highlighting how reference set choice can have profound impacts on resulting novelty.

Novelty values should be interpreted cautiously. The assumption in novelty estimation is that the
reference set reflects all relevant community types, however, high novelty may be a function of
sampling gaps. Grass-dominated site 1771 had low No-analog and Time’s arrow novelties
(0.05), with much higher Past and Present comparison novelties (0.14 and 0.15 respectively).
This site was geographically isolated (Fig. 3) and had a distinct composition similar only to one
other site (Fig. S2). We might infer that site 1771’s community type is regionally rare, but it is
likely that high novelties are a function of an incomplete reference set. As well as sampling
gaps, we used family-level taxonomic identities. While the family-level novelties we present here
were strongly correlated with genus-level equivalents, family data tended to underestimate
novelty at a genus level (Fig. S3). There are three potential explanations for this. First, family-
level data are insensitive to ecological transitions in species or genera (such as the emergence
of exotic pasture grasses and grains with European expansion). Second, the taxonomic
resolution of pollen is variable across taxa; sites with lower fractions of pollen identifiable to
genus (e.g., 1771) had much lower genus novelties as significant proportions of family-level

pollen were excluded. Thirdly, there is a sampling effect to novelty. Measuring novelty across
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more dimensions equates to more places to find dissimilarity, resulting in greater novelty by

chance as dimensionality increases (Fig. S4).

440 High novelties act as flags for further exploration, whether they be data biases, taxa

contributions, land use changes and potential risks to ecosystem services and conservation

goals in the area.

5. Situate novelty measurements within existing research and understanding

445
Rationale: Once analysts have decomposed and interrogated the structure and meaning of
their novelty measurements, the next step is to draw similarities and comparisons with existing
research. Outcomes from the previous steps should facilitate this process, allowing analysts to
make comparisons using our framework terminology and structure. This process includes

450 comparisons to studies using similar data but with different novelty measurements, studies
using different data but with similar choices and using novelty results to generate hypotheses
and processes. Some comparisons might be undertaken as additional sensitivity analyses (e.g.,
Fig. S19 in Staples et al., 2022), but it may be sufficient to draw attention and discuss consistent
and different results. In addition to formalizing and simplifying comparison of results, we

455  anticipate the use of our framework to identify research gaps: what types of reference sets have

not been used to measure novelty for the target? And would such comparisons fill a knowledge

gap?

Case-study: Past novelty research on these pollen assemblages has been measured
460 comparable to our no-analog (Finsinger et al., 2017; Fig. 2E: Burke et al., 2019) and time’s
arrow approaches (Fig. 2A: Williams et al., 2001), as well as time-series specific reference sets

(Fig. 2F: Staples et al., 2022). Williams et al. (2001) identified that the study region underwent
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substantial climatic and vegetation change since the Last Glacial Maximum, but was similar to
modern vegetation over the past c. 10,000 years. Staples et al (2022) identified that overall
rates of novelty relative to each time series’ past was low and consistent with post-glacial
averages until ¢. 300 years before present. Modern instances of this “temporal novelty” were

higher, especially at the latitudes of our study region (Staples et al., 2022).

Our framework decomposes cryptic analytic choices so that methodological differences are
evident, and this utility is clear in our case study. Reference set arrangements in our case study,
even with a narrow spatial and temporal focus, resulted in substantial variation between
resulting novelty measurements (52.41% of total variation). This variation reflects differing
results from ostensibly similar studies of novelty using the same data (Burke et al., 2019;
Staples et al., 2022). Our case study highlights both distinct anomalous assemblages in our
case study region that could be explored in more detail, as well as the potential for further
research that fully unpacks and contextualizes the varied no-analog and novelty palynological

work published over the last forty years.

The more targeted nature of our analysis provides opportunities to explore unusual results in
more detail. Novelties in our data were consistently low, with few Bray-Curtis dissimilarities
exceeding 0.2, reflecting the general compositional stability in forest compositional data with a
small temporal extent and large grain. For instance, many higher-than-expected novelties result
from shifts in Betulaceae, Fagaceae and Pineacae pollen, reflecting, respectively, dominant tree
genera: Betula (birch) and Alnus (aspen); Fagus (beech) and Quercus (oak); and Picea (spruce)
and Pinus (pine) respectively. Past shifts in these taxa have been driven by climatic change
(Davis, 1981) and these genera have distinct successional responses to fire regimes (Anoszko

et al., 2022). The unusual grass-dominated sites also warrant further investigation, including
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additional sampling to fill reference set gaps, and overlaying historical and current land use

context onto these broad novelty patterns.

4. The future of quantifying novelty

Measuring novelty has shifted over the last decade from qualitative to quantitative, advancing

our understanding of ecological and environmental change across time and space. Research
has linked novel climates to novel communities (Williams et al., 2001), assessed the ability of
species distribution models to accurately forecast under novel climates (Fitzpatrick et al., 2018)
and estimated the role of extinction in the transition to novel states (Pandolfi et al., 2020). Our
conceptual framework provides a structure to describe the overlap, and research gaps, in this
past work. We believe our framework will allow the next generation of quantitative research into

novelty to build on this existing knowledge base and advance both fundamental and applied

research priorities (Radeloff et al., 2015).

Research on quantitative novelty offers a direct agenda: studying and understanding how
environmental and ecological systems change into unprecedented states, and the drivers and
implications of these changes (Turner et al., 2020). Our summary of novelty research suggests
there is still work to be done to understand novelty across different taxa, regions and scales.
This includes expanding correlative links between abiotic and biotic novelty and estimating the
strength of environmental, ecological and anthropogenic mechanisms to drive novelty (Blois et

al., 2013). At a fundamental level, there is a need to capture background distributions of novelty

for given time periods, ecosystems and spatial regions, which can be used to benchmark

present and future changes (Staples et al., 2022).
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Furthermore, the concept of novelty has value for testing and expanding ecological theory, as

the identification and study of anomalies has led to fundamental shifts in related biological fields

(Panero & Funk, 2008). While original treatments of ecological novelty were linked to
Hutchinsonian niche theory (Jackson & Overpeck, 2000), there are opportunities to study how
novel systems alter biotic interactions (Blois et al., 2013), such as through ecological networks

(Ings et al., 2009). Understanding changes in community-scale interactions under novelty may
in turn benefit from an organism-centric view (Heger et al., 2019), identifying whether, and how,
novel conditions drive species invasions (Schittko et al., 2020) and rapid evolution (Yeh, 2004;
Mackin et al., 2021). Both ecological and environmental novelty are expected to alter ecosystem
functions and services (Hobbs et al., 2009). This theoretical link could be studied by integrating
novelty methodologies with remote sensing data, trait databases (e.g., TRY plant trait database:
Kattge et al., 2011) or long-term global experiment networks (e.g., Nutrient Network: Borer et
al., 2014)). Environmental novelty has conceptual overlap with measurements of climate
velocity (Ordonez et al., 2016), with potential to be integrated into ecological forecasting
(Fitzpatrick et al., 2018), such as in models of species range shifts. Finally, some quantifications
of novelty have both theoretical and empirical links to core ecological concepts such as beta
diversity (Anderson et al., 2011; Godsoe et al., 2021). Novelty in species composition, for
instance, increases when beta diversity between the target and reference set exceeds beta
diversity within the reference set. Understanding conceptual overlap and correlation between

similar terms could simplify and synchronize parallel research.

Another key need is to better integrate the tools and lessons from quantitative novelty research

to ecosystem monitoring, management, and recovery (Williams & Jackson, 2007; Hobbs et al.,

2018; Heger et al., 2019). Ecosystem management needs to consider multiple ecological and
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environmental aspects holistically, not just in isolation (e.g., species abundance, value of one
ecosystem service) or as aggregate statistics (e.g., diversity, productivity). Current indicators
lack relevance to specific ecosystems or biomes and tend to be poorly tested (Nicholson et al.,
2021). Our framework can be used to explicitly measure and detect novelty across multiple
dimensions, and across space or through time. This could allow restoration projects to be
monitored using novelty to a target environmental or ecological reference state containing
multiple features, with lower novelty over time representing a successful outcome. Our
framework can also be used in time series (e.g., Fig. 2F-G) to monitor system change, providing
early-warning signs (via increased novelty) of potentially deleterious change. This has benefits
both for monitoring the progress of restoration projects, with early identification of sites that may
need follow-up planting or management, but also in natural systems that may be at risk of

degrading into lower-value states (e.g., bleaching on coral reefs: Anderson & Thompson, 2004).

Measurement of novelty could also offer opportunities to identify anomalous recovery or resilient
“pbright spots” (Cinner et al., 2016), stable systems that may have value as refuges. All these
potential applications offer comparable measurement of distinctiveness that can easily be
incorporated into existing frameworks (e.g., Resist-Accept-Direct framework: Schuurman et al.,
2022), improving cost-effectiveness of restoration and conservation efforts and value-adding to

long-term monitoring programs.

While novelty has been defined in restoration ecology, conservation biology has considered
complementarity, alongside measures of species endemism, for prioritization in protected area
design (Margules & Pressey, 2000; Astudillo-Scalia & Albuquerque, 2020). Complementarity
makes comparisons among areas, in either environment or ecological composition, to identify
high priorities for conservation action (Justus & Sarkar, 2002). Hence, complementarity is a

measurement of novelty as defined here; exploration of quantitative complementarity under our
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framework may offer improvements to the design and maintenance of conservation plans. In
addition to planning and managing protected areas, conservation has shifted from trying to
protect static areas of nature to understanding and predicting species movements and shifts
(Pecl et al., 2017; Hobbs et al., 2018). Novelty measured under our framework offers a valuable
tool to quantify these shifts in consistent and comparable terms, as well as making explicit how
measurements can differ based on constituent components. Rather than a limitation, the
component-dependency of novelty offers benefits, such as understanding the uniqueness of
future climates at multiple spatial scales, which could feed into and improve decision-making

and management.

5. Conclusion

Research on ecological novelty has shifted from early conceptual outlines to formal and
quantifiable definitions. However, a profusion of quantitative analyses, each employing different
and often incompletely described analytical approaches, has limited interpretability and
synthesis of novelty analyses. The framework highlighted here provides a common structure to
the variety of quantitative approaches, with clear definitions and language to assess differences
among them and thereby better interpret findings. Our framework facilitates explicit and
transparent choices about the measurement of novelty that up until now have been left implicit
or outright ignored. These choices can change both the measurement and interpretation of
novelty, limiting the potential for novelty to advance research and management goals. Our
framework provides a structure and lexicon to describe novelty that can help guide decision-
making via defining research goals and selection of appropriate data sources and analytic
approaches. The combination of framework components distills novelty to aid analysts in
defining what resulting measurements may, and may not, mean. Our unification of a fast-

growing area of facilitates exploration of fundamental and theoretical questions, opens potential
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integrate novelty measurements into biological applications, amid a background of rapid and

unprecedented global change.
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Supplementary Information for:
A conceptual framework for measuring ecological novelty

Supplementary Methods

We acquired palynological data from the North American Pollen Database (lllinois State
Museum & National Geophysical Data Center) from the Neotoma Paleoecology Database
(Goring et al., 2015; Williams et al., 2018). We restricted the dataset to pollen samples from a
small geographic area with high time series density: Midwest USA centered on Minnesota (Fig.
3B). The region covered western Wisconsin, eastern North and South Dakota and northern
lowa, containing a total of 99 time series. Taxa were synonymized using the World Flora Index
(Kindt, 2020). Within each time series, we averaged pollen counts for each plant family into two
500-year sampling bins: a pre-modern bin, 1000-1500AD, and a modern bin, 1500-2000AD.
This period was chosen as it covered the European occupation of the study region, representing
the most recent pre-European sample of pollen composition.

Novelty was calculated by calculating Bray-Curtis dissimilarity on the square-root transformed
relative abundances (divided by total sampling bin count) of the twenty most abundant plant
families (measured across the entire study region). Square-root transformation amplified change
in rarer taxa relative to dominant taxa, a common practice in ecological studies, and were
strongly correlated with novelty measures made without transformation (R = 0.624 — 0.745).

Novelty was calculated with four different target-reference set arrangements (see Table 2, Fig.
3), resulting in four measurements for each study site. These novelties were compared by
Principal Component Analysis (princomp function) after logit-transformation. To visualize
assemblage composition, we used non-metric multidimensional scaling of pollen composition to
generate the ordination in Figure 4 (metaMDS function: vegan package).

We repeated the above process using genus identities as distinct taxa in the Bray-Curtis
measurement, including the 50 most abundant genera.

Finally, we tested for how the number of taxa (“dimensions”) in novelty calculation may impact
measurements. For each site, we measured “no-analog” novelty with restricted taxa, using two
to 20 plant families (with 20 families reflecting the main analysis). This was repeated 999 times
with families randomly ordered each time. We then calculated the novelty deviation when we
reduced taxa dimensionality by subtracting novelty values from the “true” novelty when family
count = 20. We present this as a boxplot, and predictions from a linear mixed-effects model,
with deviation from true novelty fit as a response variable against log(taxa number), with each
iteration and site fitted as crossed random intercepts. This model found a positive log-
relationship: novelty measurements increased as additional dimensions were added. The
mixed-effects model had a marginal R? (fixed effects only) of 0.289, and a conditional R? (fixed
and random effects) of 0.545.

Table S1: Twenty most abundant families in pollen data included in novelty analysis.

Abundance was estimated using the mean relative abundance across all sites (as a
percentage), which corrected for different sampling effort (number of pollen grains counted) in
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Family Mean relative MDS MDS
abundance 1 2
across sites (%)

Fagaceae 14.97 0.33 -0.35
Pinaceae 7.79 -0.74 0.03
Poaceae 6.36 0.71 0.34
Betulaceae 4.80 -0.58 -0.11
Cyperaceae 4.16 0.06 0.63
Asteraceae 3.28 0.14 0.00
Ulmaceae 2.09 0.10 -0.23
Amaranthaceae 1.30 -0.03 1.01

Salicaceae 1.00 -0.29 0.03
Oleaceae 0.75 -0.28 0.00
Cupressaceae 0.70 -0.78 0.04
Sapindaceae 0.60 -0.30 -0.14
Malvaceae 0.60 0.19 -0.30
Juglandaceae 0.33 -0.21  0.07
Platanaceae 0.27 -0.12 0.07
Ranunculaceae 0.24 -0.12  0.09
Fabaceae 0.21 0.07 0.29
Polygonaceae 0.20 -0.28 0.01

Rosaceae 0.19 -0.31  0.26
Ericaceae 0.17 -0.94 0.23

different sites. MDS1 and MDS2 are taxa centroids in the non-metric multidimensional scaling in
Fig. S2 (represented via red points and labels).

27



945

Table S2: Fifty most abundant genera in pollen data included in supplementary novelty
analysis. Abundance was estimated using the mean relative abundance across all sites (as a
percentage), which corrected for different sampling effort (number of pollen grains counted) in
different sites. MDS1 and MDS2 are taxa centroids in the non-metric multidimensional scaling in
Fig. S5 (represented via red labels and points).

Family Genus Mean relative MDS1 MDS2
abundance
across sites (%)
Pinaceae Pinus 14.92 -0.62 0.14
Fagaceae Quercus 12.09 0.69 0.22
Asteraceae Ambrosia 5.78 0.59 -0.48
Betulaceae Betula 55 -0.46 -0.12
Asteraceae Artemisia 2.18 0.41 -0.30
Betulaceae Alnus 1.63 -0.44 0.00
Ulmaceae Ulmus 1.56 0.54 -0.02
Pinaceae Picea 0.84 -0.69 -0.04
Oleaceae Fraxinus 0.67 0.08 -0.29
Salicaceae Populus 0.55 -0.22 -0.12
Salicaceae Salix 0.51 0.19 -0.36
Betulaceae Corylus 0.49 0.04 -0.03
Sapindaceae Acer 0.48 0.11 -0.19
Malvaceae Tilia 0.37 0.75 0.13
Betulaceae Ostrya 0.33 1.21 0.67
Pinaceae Larix 0.29 -0.58 -0.02
Pinaceae Tsuga 0.26 -0.88 -1.07
Pinaceae Abies 0.21 -0.85 -0.07
Juglandaceae  Carya 0.19 0.50 -0.28
Asteraceae Cyclachaena 0.13 0.35 -0.94
Juglandaceae  Juglans 0.12 0.36 -0.31
Platanaceae Platanus 0.12 0.44 -0.31
Ranunculaceae Thalictrum 0.08 0.18 -0.23
Poaceae Phragmites 0.07 -0.98 0.69
Ruppiaceae Ruppia 0.06 0.43 -1.99
Cupressaceae Juniperus 0.06 0.39 -0.14
Sarcobataceae Sarcobatus 0.05 0.19 -0.59
Fabaceae Amorpha 0.05 0.32 -0.86
Amaranthaceae Salsola 0.04 0.55 -0.94
Polygonaceae @ Rumex 0.04 0.02 -0.31
Poaceae Zizania 0.04 0.17 -0.77
Araceae Lemna 0.04 0.03 -0.92
Asteraceae Iva 0.03 0.19 -0.89
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Vitaceae
Asteraceae

Cannabaceae
Plantaginaceae

Moraceae
Fabaceae

Cannabaceae
Cupressaceae

Ephedraceae
Urticaceae

Polygonaceae

Fagaceae
Myricaceae

Euphorbiaceae
Ranunculaceae

Asteraceae
Asteraceae

Vitis
Xanthium
Celtis
Plantago
Morus
Dalea
Humulus
Thuja
Ephedra
Urtica
Persicaria
Fagus
Myrica
Euphorbia
Ranunculus
Bidens
Eupatorium

0.03
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
<0.01
<0.01
<0.01
<0.01

0.52
0.26
0.29
0.35
0.14
0.35
0.16
-0.89
0.36
0.56
0.35
-0.35
-0.83
0.19
0.63
0.66
0.81

-0.47
-0.55
-0.24
-0.69
-0.32
-1.05
-0.61
0.20
-0.53
-0.43
-0.07
-0.42
0.17
-0.29
-1.10
-1.23
-1.54
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Table S3: Site ID numbers from Neotoma, site coordinates and raw novelty measurements
used in Figure 4 Principal Component Analysis.

Novelty measurements PC scores
Neotoma No Time’s Past Present
site ID Longitude Latitude analog arrow comp comp PC1 PC2 PC3 PC4
9871 -93.212992  44.333012 0.040 0.042 0.047 0.026 -2.063  0.067 0.290 -0.120
9870 -94.094046 45.16118 0.052 0.051 0.026 0.029 -2.106 0408 -0.277 0.131
9824 -93.641746  44.192116 0.060 0.040 0.032 0.038 -1.883  0.151 -0.143  0.406
9876 -94.07615 4542133 0.041 0.063 0.047 0.029 -1.797  0.216 0.041 -0.363
9873 -93.46048 44.65102 0.051 0.060 0.063 0.026 -1.606  0.328 0.392  -0.295
9825 -93.367772  44.353702 0.045 0.045 0.066 0.048 -1.406 -0.276  0.217  -0.041
9867 -93.321848  44.692808 0.064 0.060 0.026 0.082 -1.334 -0.041 -0.876 0.444
9872 -93.666674  44.229034 0.094 0.060 0.050 0.030 -1.359  0.687 0.199 0.243
10412 -92.0406 46.11894 0.051 0.051 0.070 0.082 -0.948 -0.511 -0.072 0.088
9875 -93.914954  44.313454 0.066 0.093 0.047 0.054 -1.026 0.325 -0.395 -0.141
9688 -94.879268  45.198736 0.070 0.075 0.047 0.068 -0.956 0.105 -0.419 0.108
531 -91.475 45.275 0.037 0.085 0.071 0.070 -0.954 -0.348 -0.240 -0.536
1593 -91.48333 45.28333 0.064 0.070 0.071 0.070 -0.777 -0.100 -0.085 -0.023
2231 -91.45833 45.28333 0.087 0.037 0.075 0.087 -0.745 -0.375 0.154 0.674
27245 -91.701074 46.38043 0.066 0.066 0.070 0.086 -0.679 -0.250 -0.183  0.100
9953 -95.478928  45.891414 0.054 0.054 0.121 0.070 -0.652 -0.489 0.447 -0.137
799 -93.165416  44.757618 0.077 0.095 0.085 0.044 -0.726  0.419 0.195  -0.300
8567 -91.1662 46.30222 0.068 0.068 0.085 0.083 -0.560 -0.248 -0.015 0.027
7531 -95.2408 45.44962 0.063 0.071 0.113 0.066 -0.536 -0.194 0.316 -0.215
2786 -93.16778 45.84889 0.066 0.074 0.103 0.076 -0.461 -0.214 0.152  -0.140
10132 -95.273974  47.226802 0.059 0.059 0.113 0.092 -0.443 -0.549 0.210 -0.040
1598 -91.113124 48.14179 0.066 0.066 0.087 0.110 -0.393 -0478 -0.139 0.096
9869 -94.474636  43.606022 0.075 0.069 0.107 0.082 -0.367 -0.230 0.182 0.008
7540 -95.46186 45.85698 0.101 0.078 0.086 0.068 -0.394  0.210 0.088 0.148
307 -93.547946 44.95588 0.066 0.111 0.085 0.074 -0.414  0.074 -0.180 -0.370
9826 -93.740124 45.14107 0.051 0.092 0.125 0.075 -0.373 -0.313 0.188  -0.537
10240 -92.126 46.0128 0.087 0.108 0.073 0.082 -0.318 0.196  -0.309 -0.086
485 -93.27 42.02 0.072 0.072 0.095 0.111 -0.247 -0.393 -0.107  0.070
9874 -93.935746  44.807836 0.080 0.094 0.072 0.105 -0.281 -0.091 -0.408 0.028
7539 -95.26402 46.0551 0.118 0.082 0.086 0.066 -0.320 0.362 0.110 0.219
1586 -92.824634  45.047734 0.085 0.105 0.100 0.074 -0.216  0.160 0.013  -0.208
824 -94.421536  44.945278 0.077 0.077 0.113 0.100 -0.144 -0.290 0.068 -0.015
7542 -95.34356 45.81656 0.132 0.063 0.099 0.073 -0.233  0.200 0.298 0.474
9768 -92.219194  45.786366 0.097 0.115 0.073 0.083 -0.223 0.298 -0.335 -0.055
13349 -92.2734 45.9006 0.100 0.066 0.103 0.102 -0.127  -0.200  0.087 0.311
8573 -90.6084 4519114 0.096 0.096 0.085 0.094 -0.144  0.081 -0.205  0.061
13348 -92.3654 45.9316 0.101 0.098 0.095 0.087 -0.087 0.143 -0.065 0.022
1901 -94.1142 47.0798 0.087 0.102 0.117 0.077 -0.095  0.081 0.134  -0.215
9762 -95.272972  45.443186 0.101 0.101 0.100 0.083 -0.077 0.173  -0.017 -0.028
10211 -95.39968 47.683194 0.089 0.093 0.109 0.098 -0.023 -0.089 -0.021 -0.044
2235 -93.859794  44.870322 0.100 0.099 0.123 0.069 -0.074  0.225 0.270  -0.143
1548 -93.16014 44.79964 0.082 0.082 0.103 0.126 -0.001 -0.366 -0.160  0.082
1078 -94.13333 46.55 0.110 0.062 0.129 0.092 -0.027 -0.154  0.376 0.323
7538 -95.5546 45.8003 0.121 0.107 0.091 0.076 -0.063 0406 -0.053 0.077
8551 -93.41352 44.5921 0.110 0.066 0.104 0.115 0.006 -0.209 0.036 0.412
11606 -94.682444  46.972092 0.100 0.089 0.113 0.095 0.021 -0.020 0.074 0.057
1771 -93.68 46.06833 0.050 0.050 0.144 0.153 -0.120 -1.145 0.173 0.025
1544 -93.692446 45.42213 0.136 0.080 0.119 0.064 -0.081 0.383 0.421 0.234
8572 -91.4942 46.3812 0.094 0.087 0.111 0.109 0.054 -0.161 -0.023 0.076
8561 -96.189 46.59746 0.070 0.070 0.119 0.146 0.033 -0.683 -0.076  0.077
9987 -95.8058 45.8653 0.105 0.122 0.100 0.083 0.033 0.299 -0.105 -0.144
1701 -95.00834 47.243982 0.078 0.110 0.145 0.077 0.027 -0.003 0.266 -0.416
318 -91.99472 47.92417 0.106 0.123 0.092 0.094 0.070 0.249  -0.240 -0.083
1815 -92.011594  48.098118 0.081 0.081 0.152 0.104 0.113 -0.350 0.284 -0.106
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Figure S1: Raw novelty measurements overlaid on study region. Point color represents novelty

value. Definitions of each novelty measurement are in Fig. 3 and Table 2. Labelled points are

discussed in the main.
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Figure S2: Non-metric multidimensional scaling of pollen assemblages based on family pollen
relative abundance. Grey labels and circles are family taxa centroids (Family names have been
shortened). Colored points are target entities for each novelty measurement, sized and colored
based on novelty value. Crosses are reference set entities for temporal comparisons (A-B):
Reference sets in C-D are within-time and reference sets comprised all entities minus each
target (in sequence). Dashed lines link each target to the closest reference set entity, used to
estimate novelty value in our case study. Labelled points are discussed in the main text.
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Figure S3: Comparison of four novelty measurements from the case study measured using
family and genus pollen IDs. Each point represents a site, with x and y position reflecting family
and genus novelty respectively. Point color reflects the fraction of pollen that was identifiable to
genus; almost all pollen was identifiable to family. Grey dashed line is a 1:1 novelty line. R
values in subplot labels are Pearsons’ Product Moment Correlation between genus and family
novelties.
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Figure S7: Deviation of novelty measurements from novelty with 20 plant families, when the
number of families was restricted. Novelty was “No-analog” measurements, with a past target
entity compared to a set of present reference samples, using family-level pollen assemblages
from the study area identified in the main text. Novelty was calculated for each site, restricting
the number of taxa from two to 20, with taxa order shuffled randomly 999 times. Boxplots are
summaries of raw novelty deviations. Red line represents population predictions from a linear
mixed effects model of novelty deviation against In(taxa count), with each random iteration and
each site fitted as crossed random effects (marginal R? = 0.289, conditional R? = 0.545).
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