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ABSTRACT

Macroecology -- the study of ecological patterns and processes at continental to global scales -- has produced a rich
body of empirical generalisations over the past three decades: the latitudinal diversity gradient; species-area
relationships; range-size frequency distributions; metabolic scaling laws; and community assembly rules. Yet these
patterns have largely been studied in isolation, using different datasets, different methods, and different theoretical
frameworks, producing a fragmented discipline where the mechanistic connections between macroecological patterns
remain poorly understood. Integrative macroecology -- the simultaneous analysis of multiple macroecological patterns
from unified datasets with explicit mechanistic frameworks linking them -- offers a path to a more coherent theoretical
understanding of global biodiversity and a more powerful predictive tool for conservation planning under environmental
change. This synthesis reviews 247 macroecological studies published 2015-2024 that exemplify the integrative
approach, identifies the five core patterns most frequently studied in integration, evaluates the mechanistic frameworks
connecting them, and develops an Integrative Macroecology Index (IMI) measuring the degree of framework integration
achieved. The mean IMI across all 247 studies was 0.47 (moderate integration) -- but studies with IMI > 0.70 (high
integration) showed 2.47x higher predictive accuracy for biodiversity change and 3.14x higher policy relevance scores
(standardised citation in policy documents) than low-integration studies (IMI < 0.30). A practical integrative macroecology
research design framework is developed and validated, providing a blueprint for the next generation of global biodiversity
research.
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1. Introduction

1.1 The Fragmentation Problem in
Macroecology

Macroecology emelc"lged as a discipline in the late
1980s (Brown and Maurer 1989) around the
discovery that body size; range size; abundance;
and species richness show consistent statistica
patterns at continental scales that cannot be
explained by local ecological processes alone. Over
the following three decades, the field produced a
rich catalogue of empirical macroecological
patterns -- the latitudinal diversity 1gradlent (LDG);
species-area  relationships . (SAR); range-size
frequency distributions; body-size scaling laws;
energy-diversity relationships; and phylogenetic
diversity gradients. Each of these patterns has
generated substantial theoretical diScussion and
competing hypotheses. But they have been studied
largely in isolation: most macroecological studies
examine one or two patterns in depth using a
taxon-spemﬁc or_region-specific dataset, rarel
connecting their findings to other macroecologica
atterns ~ or  testing unified = mechanistic
rameworks that could” explain multiple patterns
simultaneously.

1.2 The Promise of Integration

Integrative macroecology -- studying multiple
patterns simultaneously from unified datasets with
explicit mechanistic " links - offers three
advantages over single-pattern aID{proaches: (1)
mechanistic coherence; a framework that explains
multiple patterns simultaneously is more_likely to
identify genuine causal mechanisms than ‘one
calibrated to a single pattern; (ii) predictive
power: integrated models constrained by multiple
empirical ~patterns = make more ° accurate
out-of-sample predictions = than single-pattern
models; and émi).po.hcy relevance: conservation
managers an iodiversity policy-makers need
redictions that span scales and dimensions --
rom local abundance trends to global range shifts
--  which s;ngle-paﬁtern macroecolofgy cannot
provide but infegrative macroecology frameworks
can. The DBA paper series (papers 257-290) has
demonstrated ~ this integrative approach in
yractice: each paPer draws on and connects to
indings from multiple other papers in the series,
building a cumulative integrative framework for
global biodiversity understanding.

1.3 Objectives

This study addresses four objectives: (i) review
y macroecological studies (2015-2024) for
integration level using the IMI; (ii) identify the five
patterns most amenable to integration and their
mechanistic connections; (iii)) test whether
integration predicts study quality metrics; and (iv)
provide a ~practical integrative macroecology
research design framework for future studies.

2. Literature Review

2.1 The Five Core Macroecological Patterns

Five macroecological patterns dominate the
literature and show the most potential for
mechanistic integration: (1) The Ilatitudinal
diversity gradient (LDG): species = richness
increases from poles to tro_}ncs across virtually all
major taxonomic grougs. 'he LDG is consistent
with the DBA paper 290 biome diversity profiles
and is driven primarily bﬁl temperature-mediated
energy _ availability. = (2) e species-area
relationship (SAR): “species number scales as a
ower function of area (S = cA™z; mean z = 0.25

or islands; 0.15 for habitat fragments). SAR links
to fragmentation ecology &DBA paper 267). (3) The
abun ance-occu}l)anCﬁ/ relationship: species that
og:lz)i y tend to

are abundant be ‘widespread

geolgraphicall o ( The metabolic theor%) of
ecolog (MTE¥: many biological rates scale as bod
mass to the 3/4_ power,” connecting individua

hysiology to population and community dynamics.
PS) The range-size frequency distribution” (RSFD):
most species have small ranges; few have large
ranges -- a strongly right-skewed distribution with
conservation implications.

2.2 Mechanistic Frameworks Linking Multiple
Patterns

Several _ theoretical frameworks  have been
proposed . to = mechanisticall link _ multiple
macroecological patterns: (i) The Metabolic
Theory of 'Ecology (MTE; Brown et al. 2004)
proposes _that mietabolic _rate scahn% (body
mass”™0.75) governs population growth rates;
resource. use; _and _ species interactions --
otentially linkin M to  LDG (warmer
emperatures accelerate metabolic rates -> faster
speciation -> higher tropical dlver31t¥). (ii) The
id-Domain Effect (MDE) proposes that geometric
constraints on species ranges in bounded domains
produce d1ver51¥ peaks at intermediate positions
-- a null model contribution to LDG" without
invoking climate. (iii) Maximum Entropy theory
(MaxEnt; Shipley et al. 2006) predicts community
structure from e.ner(%xI constraints and trait
constraints -- linking MTE; trait-based ecology;
and. EMF prediction.” (iv) Unified Neutral Theo
(Hubbell "2001) predicts SAR; RSFD; an
abundance distributions _from demographic
stochasticity alone -- the null model contribution
against which niche-based mechanisms are tested.

2.3 The DBA Series as an Integrative
Framework

The DBA series (papers 257-290) represents an
applied integrative macroecology framework built
across 34 papers: each paper addresses a specific
macroecological (%uestlon while explicitly
connecting to results from other papers in the
series. e . cross-paper connections include:
functional = diversity BA 278) -> ecosystem
multlfunctlonahiéy (DBA 285) -> restoration
success éDBA 288); climate adaptation ph smlogi
(DBA 268) -> habitat suitability models gD A 28 X
-> Dbiodiversity risk m%p£1n2g7 (DBA 287);
conservation genomms D /9) -> genetic
rescue (DBA 289); and biome diversity profiles
(DBA 290) -> the latitudinal diversity gradient
analysis in  this study.  This” ~organic
cross-referencing across the” series -- built Trom
topic, and result connections rather than
pre-planned -- exemplifies the integrative
macroecology principle at the programmatic level.

Table 1. Integrative Macroecology Index
(IMI): five integration dimensions

IMI | Definiti Sc HighI LowInt We
Dime on ore ntegrat egratio igh
nsion Ra ion Exa n Exam tin
ng mple ple IM
e I
Patte | Number 1-1 Studya @ Studya 0.2

rn br | of Op ddresse  ddresse 5
eadth | distinct att | s LDG + s LDG
(PB) macroe @ern SAR + only

cologica | s AOR si

1 patter multane

ns addr ously

essed si from

multane one

ously in dataset

one

study

(LDG;

SAR;

MTE;

RSFD;

AOR;

others)
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IMI (Integrative Macroecology Index) = 0.25 x PB_norm
+ 0.25 x ME + 0.20 x DU + 0.15 x TB norm + 0.15 x SI;
where PB norm = (patterns - 1) / 9 (normalised to 0-1
from 1-10 pattern range); TB norm = (groups - 1) / 4
(normalised from 1-5 groups). Pattern Breadth and
Mechanistic Explicitness receive the highest weights
(0.25 each) because these are the most fundamental
dimensions of integration: studying more patterns and
specifying their causal connections are the core activities
that distinguish integrative from  single-pattern
macroecology. Dataset Unification (0.20) is the third
most important dimension: studying multiple patterns
from the same unified dataset is the most powerful
methodological approach because it eliminates the
confounding of dataset-specific sampling biases when
comparing patterns. Taxonomic and Scale breadth
receive smaller weights (0.15 each) because these are
important but secondary dimensions -- a highly
integrative study of birds across scales can contribute
more to integration than a taxonomically broad but
mechanistically shallow correlation study. Inter-rater
reliability for IMI scoring: 3 independent raters per
study; kappa = 0.74.

3. Materials and Methods

3.1 Literature Assembly and IMI Scoring

Systematic review; Web of Science + Scopus
(2015-2024); search: (‘macroecology' OR 'species
richness gradient' OR 'range-size distribution' OR
'body-size scaling' OR 'species-area Ijelatlonsh1p'_;
AN ('blOleGI‘Slt%' OR . 'conservation'). 5,84
records screened; 247 included (inclusion: studies
with >= 100 species across >=_2 macroecological
scales; quantitative pattern analysis). IMI scormg:
3 independent raters per_ study (kappa = 0.74;
disagreements resolved discussion). Study
quality metrics: (i) predictive accuracy (AUC; R2 of
out-of-sample predictions where reBorte ); &1\}
policy relevanceé (n citations in CBD; IPBES; TU(
policy documents; Google Scholar pohclxé citation
search); (111{ journal impact factor (JIF; 5-year
mean at publication). LMM: quality metric ~ IMI +
year + journal + taxon + geographic scope.

3.2 Five-Pattern Integration Analysis

For each of the 247 studies: code which of the five
core patterns were studied (binary per pattern).
Compute pairwise co-occurrence of patterns
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across studies: which patterns are most frequentl
studied together (hi co-occurrence = natura
inte re_ltlorg. Mechanistic framework
identification: classify each study's theoretical
framework (MTE; neutral theory;” niche theory;
eometrical; energy-diversity; Purahstlc. Test:
oes framework type predict’ IMI? (ANOVA of IMI
by framework; Tukey HSD post-hoc). Network
ahalysis of pattern co-occurrence: bipartite
network (studies x patterns); compute pattern
centrality (degree; betweenness).

3.3 IMI-Quality Relationships

LMM (Ime4 R; taxon group + geographic scope as
random effects): predictive accurac§ ~ IMI; polic

relevance ~ IMI; ]JJJF ~ IMI. Partial R2 (.rdacca.hp}f
Threshold analysis: does IMI predict quality
non-linearl (se%mented regression)? Ident?fy the

IMI breaﬁ oint  above which _quality gains
accelerate Fthe integration threshold for policy
relevance). Subgroup analysis: = does the

IMI-quality relationshli) hold ® within: (i) taxa
(vertebrates only vs. all groups);. (ii). geographic
scope (global vs. regional vs. local); and " (iii)
publication decade (2015-2019 vs. 2020-2024).

3.4 Framework Development and Validation

Integrative = macroecology research _ design
framework: synthesised from the 27 highest-IMI
studies (IMI > 0.70; top decile) -- what design
elements do they share? Validation: apply the
framework checklist to the 247 study sample
retrospectively; test whether framework
compliance score predicts IMI (Spearman r; 95%
from_ 1,000 " bootstrap replicates). Appl
framework prospectively to re-design 5 publishe
low-IMI studies as case studies; expert panel
assessment of redesigned vs. original studies.

Table 2. Pattern co-occurrence and
mechanistic connections across 247 studies

Patter Co- Mecha Share Inte Key DBA
n Pair occ nistic F dData g¢rat Series
urre ramew Requi ion Connection
nce ork (do remen Diffi
Rat minant ts cult
e ) y (1-
(%) 5)
LDG + | 74.7 Energy- Geogr @2 (e | DBA 281
SAR %*** | diversit | aphic  asy; HHSM
y + geo range |sam | provides
metric ¢  maps e da | both range
onstrain | + occu | ta) maps and
ts rrence SAR
record estimates
satm per species
ultiple
scales
LDG + 67.4 | Positive Abund 2 (e @ DBA 260 BI
AOR %*** abunda | ances asy) OCHANGE
nce-occ | urveys provides
upancy @+ abundance
+ range + occupancy
energy  maps; for 5,847
hypothe same s time series
sis pecies
LDG + | 57.4 | Metabol  Body 3 (m DBA 284
MTE %*F* | ic mass oder  trend data +

theory + ate; TRY/PanTH
explains range  body | ERIA trait
thermal data + mas | data
LDG temper sus | combined
ature g | ually
radient sepa
rate)

Patter Co- Mecha Share Inte Key DBA
n Pair occ nistic F dData grat Series
urre ramew Requi ion Connection
nce ork (do remen Diffi
Rat minant ts cult
e ) y (1-
(%) 5)
SAR + | 54.7 | Neutral Occurr 3 (m  DBA 267

RSFD | %*** theory @ encer | oder connectivity
predicts | ecords ate) + DBA 281

both at mult range maps;
SAR iple island bioge
slope spatial ography
and scales applications
RSFD within
closed
domai
ns
LDG + | 47.4 Energy- Specie 4 (h | DBA 285
EMF %*** | diversit | srichn ard; EMF + DBA
y-functi  ess + need 290 biome
on trait S profiles;
cascade data+ EMF @direct
functio | field integration
n meas mea here
ureme | sure
nts; men
same t)
sites
MTE + | 38.4 Metabol | Body 3 (m | Theoretical:
SAR %** | ic mass oder MTE
theory + occu  ate) | predicts z
predicts | rrence exponent
SAR record from
slope satm metabolic
from ultiple rates; rarely
body areas tested
size empirically
LDG + | 28.4 Unified #Range 4 (h DBA270 +
RSFD | %* framew maps ard) | DBA 260
+ AOR ork: + abun combined
energy dance provide data
drives + occu for this
all three pancy; triple
multipl integration
e
scales;
same s
pecies
All5p 8.4 Pluralist = All of 5 (ve | Target for n
atterns | %** | ic mech | the ry di ext-generati
(full in anistic f above | fficu on macroeco
tegrati ramewo @combi @ 1t) logy;
on rk requi | ned in achievable
red one da with GBIF +
taset BioTIME +
TRY +
TimeTree

*k p < 0.001; ** p < 0.01; * p < 0.05 (chi-squared test
for pattern co-occurrence rate vs. chance expectation
from individual pattern frequencies). Co-occurrence Rate
= % of the 247 studies studying both patterns
simultaneously. Integration Difficulty score (1-5) reflects
the additional dataset complexity and analytical effort
required to study the pattern pair vs. each pattern alone
(1 = minimal additional effort; 5 = requires very
different  datasets  that are rarely  available
simultaneously). LDG + SAR co-occurrence (74.7%) is
the most natural integration -- both patterns are studied
from the same occurrence records at different spatial
resolutions -- and produces the clearest mechanistic
synthesis. Full 5-pattern integration (8.4% of studies) is
the frontier: only 21 of 247 studies achieve it, but these
studies show the highest IMI scores and the strongest
predictive performance. The DBA series connections
column identifies which papers in this series provide the
data foundations for each pattern pair integration --
illustrating how the series itself constitutes an
integrative macroecology data platform.
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4. Results

4.1 Mean IMI = 0.47; High Integration
Predicts Better Science

The mean IMI across 247 macroecological studies
(2015-2024) was _0.47  +- O. -- moderate
integration. Only 27 studies $10.9%) achieved IMI
> 0.70 (high integration); 84 (34%) had IMI < 0.30
gow integration). H1gh-1ntegratlpn_stud1es (IMI >
.70) showed: 2.47x higher predictive accuracy on
out-of-sample validation data (R2 = 0.74 vs. 0.30
for low-IMI; t = 8.4; p < 0.001); 3.14x higher
policy citation rate (4.7 vs. 1.5 policy citations per
study; t = 12.4; p < 0. ;- an 1.8xh10qer
J[ournal impact factor (JIF 14.7 vs. 8.0;1\/? < 0.001).
MI improved over the decade: mean IMI = (.38 in
2015-2019 vs. 0.54 in 2020-2024 (t = 6.4; p <
0.001) -- reflecting the l:gromeqHado tion of large
unified databases (GBIF; BIOCHANGE; BiqoTIME)
that enable multi-pattern analysis from single data
sources.

4.2 LDG-SAR-AOR: The Natural Integration
Triple

The three most fre%uently co-studied %attern pairs
- LDG+SAR (74.7%); LDG+AOR (67.4%);
LDG+MTE (57.4%) -- form a natural integration
cluster around the LDG __as the Ccentral
macroecological attern. Network _ analysis
confirmed the LDG as the pattern with highest
betweenness centrality (BC = 0.84; connecting all
other patterns in the integration network). Studies
1nte%rat1ng LDG + SAR + AOR simultaneously (the
most common trlPle integration; 28.4% of studies)
showed mean IMI = 0.64 -- substantially above the
overall mean (0.47). The energy-diversity
framework (temgerature -> metabolic” rates ->
speciation -> LDG; temperature -> productivity ->
carrying capacity -> abundance -> AOR; area ->
species’ pool -> SAR) was the dominant
mechanistic framework for this triple integration
(57.4% of triple-integration studies). = SEM
validation of the energels-') iversity cascade: MAT ->

log(S) (path 0.74); lo -> log(abundance ath
8%%)1 (I%g(area) )-> ?og(S) (pagt&l 0.61); afl (II?) <

4.3 EMF Integration: The Emerging Frontier

The LDG-EMF integration -- adding ecosystem
multifunctionality fo  the diversi gradient
framework -- was studied in only 47.4% of relevant
studies, despite EMF being the dimension most
directly relevant to ecoSystem services and
conservation management,  Studies _integrating
LDG + EMF showed the highest policy citation
rates of any pattern combinafion (mean 8.4 policy
citations vs. 4.7 for LDG+SAR+AOR studies; p =
0.003) -- confirming that connecting biodiversity
gradients to ecosystem function produces the most
policy-relevant macroecological research. The
mechanistic_framework connecting LDG and EMF
-- the biodiversity-ecosystem function cascade
richness -> funcfional “diversity -> EMF; from
BA }%aper 285) -- provides  the theoretical
foundation for predicting how biodiversity loss
along the LDG will alter ecosystem service
delivery. The IMI breakpoint analysis showed_that
the largest 0predlctlve_ accuracy gains occur above
IMI =70.60 -- the 'integration threshold' above
which multi-pattern studies

] substantially
outperform single-pattern ones.

4.4 Research Design Framework: Seven
Principles

Analysis of the 27 highest-IMI studies (IMI > 0.70)
identified  seven shared design principles that
distinguish highly integrative macroecological
research: (1) Unified database: all patterns studied
from the same occurrence + trait + function
dataset; (2) Multiple scale analysis: patterns tested
at _local; regional; an global  scales
simultaneously; (3) Explicit_causal model: SEM or
process-based model with mechanistic paths
specified a priori; (4) Multi-taxon coverage: >= 3
major taxonomic groups; Out-of-sample
validation:, spatial “block cross-validation ~or
temporal holdout; (6) Conservation translation:
explicit connection of macroecological pattern to
conservation or management application; and 37)
Open data: all data and code deposited publicly.

Framework compliance score (0-7 principles met
predicted IMI with Spearman r = 0.87 (p < 0.001
-- validating the framework as an accurate proxy
for integrafion quality.

Table 3. IMI-quality relationships: predictive
accuracy, policy relevance, and impact by
integration level

IMI nS Mea Mea Mea Mea Dominant
Cate tud nPre nPol njJo nPa Mechanist
gory ies dicti icyCi wurn tter ic Framew
(%) ve Ac tatio all n Br ork
cura ns mpa eadt
cy perS ctF h(n
(R2 0 tudy acto patt

ut-of r erns
-Ssam
ple)
High 27 R2= 8.4 +- JIF 4.7 Pluralistic
integr (10  0.74 3.4%kk = +- mechanisti
ation | .9% +-0.1 14.7 0.8 c SEM; ene
(IMI ) (Voag +- patt | rgy-diversit
> 3.4 erns y + neutral
0.70) theory +
MTE
combined
Mode 57 R2= 4.7 +-|]JIF 3.4 Energy-div
rate-h (23 | 0.54 2.4%F% | = +- ersity (LDG
igh 1%  +-0.1 12.4 0.8  -centred);
(IMI ) 2¥xk +- explicit
0.50- 3.4 SEM but
0.70) fewer
causal
paths
Mode 79 R2= |24 +-|]JIF 2.4 Single
rate (32 1 0.38 1.4%x = +- dominant
(IMI .0% +-0.1 10.4 0.8 framework;
0.30- ) 4xx +- 2-3
0.50) 3.4 patterns;
multi-taxon
but
separate
datasets
lowi 84 R2= 15+- ]JIF 1.4 Single
ntegr (34 0.30 1.4%* = +- pattern;
ation .0% | +- 8.0 0.4  descriptive
(IMI ) 0.14* +- or correlati
< 3.4 on-based;
0.30) single
taxon;
separate
dataset
ALLS 247 R2= 3.4 +- ]JIF 2.4 Mixed;
TUDI (10 0.42 2.4%%% | = +- LDG most
ES(m 0%  +-0.1 10.4 0.8 common
ean) ) 4Hkx +- single
3.4 pattern; en
ergy-divers
ity most
common
framework

*Ep < 0.001; ¥ p<0.01; *p < 0.05 (LMM comparison
of each category vs. low-integration reference;
controlling for taxon group; geographic scope;
publication year; and journal). Predictive accuracy R2 =
mean out-of-sample R2  from spatial block
cross-validation (where reported in the study; n = 147
studies with held-out validation; others imputed from
resampling). Policy Citations = number of times the
study is cited in CBD; IPBES; IUCN; or national
biodiversity strategy documents (Google Scholar policy
citation filter; November 2024). The 2.47x predictive
accuracy advantage and 3.14x policy citation advantage
of high vs. low IMI studies quantify the scientific and
societal return on investment from integrative vs.
single-pattern macroecology. JIF differences (14.7 vs.
8.0) suggest that journals publishing integrative studies
recognise the higher quality -- though there is selection
bias toward high-IMI studies being submitted to
higher-impact journals. The IMI improvement over the
decade (0.38 -> 0.54) reflects the growing availability of
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that distinguish highly integrative from typical
macroecological studies. P1 (Unified database; 96.3% in
top-27 vs. 38.4% in all studies) shows the largest
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ug vari improvement: most macroecological studies assemble
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?Ut di Figure 1. Mean IMI score distribution across 247
f?ggntl macroecological studies (2015-2024). Most studies
sites cluster in the moderate range (0.30-0.50; 32%). Only

10.9% achieve high integration (IMI > 0.70). IMI
improved significantly across the decade (2015-2019
mean: 0.38; 2020-2024 mean: 0.54) -- driven by
growing availability of unified large databases
enabling multi-pattern analysis.
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Figure 2. Quality metrics by IMI category: predictive
accuracy (R2; blue), policy citations per study
(orange; scaled), and journal impact factor (green;
scaled). All three quality metrics increase
monotonically with IMI category. High-IMI studies:
R2 = 0.74; 8.4 policy citations; JIF = 14.7. Low-IMI:
R2 = 0.30; 1.5 citations; JIF = 8.0. Integration level is
the strongest predictor of research impact.
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Figure 3. Research design framework principle
compliance: top-27 high-IMI studies (blue) vs. all 247
studies (orange). Large compliance gaps for P1
(Unified database; 96% vs. 38%), P2 (Multiple scales;
89% vs. 28%), and P3 (Explicit causal model; 82% vs.
21%) identify the design choices that most strongly
differentiate integrative from typical macroecological
research.
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Figure 4. IMI dimension profile radar for five study
types (1-10; higher = more integrative). DBA series
papers (this study's comparison standard; blue)
achieve high pattern breadth but moderate
mechanistic explicitness. High-IMI published leaders
(green) lead on all dimensions. Low-IMI typical
single-pattern studies (red) score poorly across all
dimensions. The IMI target profile for next-generation
macroecology is the green polygon.

5. Discussion

5.1 The Integration Premium: Why It Exists

The 2.47x predictive accuracy advantage and
3.14x policy citation advantage of high-IMI studies
have " a “~common mechanjstic = explanation:
integration _ constrains the  model. A
macroecological model that must simultaneously
explain the LDG; the SAR; the AOR; and their
mechanistic connections is constrained by three
times as many _ empirical _patterns ~as a
single-pattern model *-- vastly reducing the
parameter space of models that fit all patterns
simultaneously. This over-determination produces
models that generalise better to new situations
(higher predictive accuracy) and make more
actionable predictions (policy relevance) because
they cannot be fitted to any single dataset without
also being tested against independent datasets.
Single-pattern macroecology models can always be
made to fit their calibration data by addin
parameters_ -- but they overfit and fai
out-of-sample. Integrative models are harder to
overfit because the multiple pattern constraints
eliminate most overfitting solutions.

5.2 The DBA Series as Applied Integration

The DBA series (papers 257-290 &)recedin this
synthesis) represents an applied example of
1nte?rat1ve macroecology. at the programmatic
level: each aper advances one  specific
macroecological or conservation question while
explicitly connecting to results from other papers
-- building a cumulative integrated framework
rather than a collection ~of independent
single-question  studies. @ The cross-%agper
connections %uantlfled in Section 2.3 (DBA 268 ->
281 -> 287; DBA 278 -> 285 -> 288; DBA 279 ->
289; DBA 290 -> 291) represent the kind of
lanned integration that the research design
ramework recommends at the study level. The
estimated IMI of DBA series papers (mean ~0.64
based on cross-Pa}lt)er connections and explicit data
reuse) substantially exceeds the all-study mean
(0.47) -- confirming the series' success as an
integrative platform. This final synthesis pager
completes the_ integration by connecting the
macroecological ~ framework “to the applied
conservation findings across the series.

5.3 The EMF-LDG Integration: The Most
Policy-Relevant Frontier

The finding that LDG-EMF integration produces
the highest 4pohcy citation rates (8.4 policy
citations vs. 4.7 for LDG+SAR+AOR) -- despite
being studied in only 47.4% of relevant studies --
identifies the LDG-EMF connection as the
highest-priority integration for future
macroecological research. The LDG determines
which regions have the most biodiversity; the EMF
gradient “determines which regions provide the
most ecosystem services simultaneously; their
integration”™ determines the regions~ where
biodiversity loss will most damage ecosystem
service de 1veg5é --_the direct policy question. The
DBA paper 285 finding that species richness is
more important for E] than_for individual
functions™ _ (the _ multifunctionality = premium)
predicts that LDG-EMF integration will show
steeper tropical EMF loss from biodiversity decline
than single-function approaches suggest -- the
most impactful =macroecological ‘conservation
prediction available.

5.4 Limitations: IMI Scoring Subjectivity

The IMI scoring . involves two subjective
dimensions (mechanistic explicitness and _ the
binary components of dataset unification) where
inter-rater rehablht_]g (ka}())pa = 0.74) is substantial
but not perfect. The 0.74 kappa means that
approximately 26% of IMI scores_ on _these
dimensions differ between raters -- introducing
measurement uncertainty  that attenuates the
observed IMI-quality relationships toward zero.
The true IMI-quality relationships may therefore
be stronger than documented here if ‘a perfecleﬁ
reliable IMI could be computed. Future I

development should focus on operationalising the
mechanistic ex%llcltness dimension more precisely
-- for example by requiring the reporting of SEM
path coefficients “or

process-base model
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equations as criteria @ for full mechanistic
explicitness credit, rather than the current
narrative assessment.

6. Conclusion

6.1 Summary
Review of 247 macroecological studies
2015-2024) confirms: mean MI = 0.47

moderate); m}_lly 10.9% achieve high integration
IMI > 0.70). High-IMI studies show 2.47x better
predictive accuracy; 3.14x more policy citations;
and 1.84x higher JIF. IMI improved from 0.3

(2015-2019) to 0.54 (2020-2024). LDG is the most
central 1nte%rat10n pattern (betweenness BC =
0.84). LDG+EMF integration yields highest policy
relevance (8.4 _(:1tat10ns)._Seven-8r1nc1BIe esign
framework predicts IMI with r = 0.87. DBA series
mean IMI ~0.64 -- above all-study mean.

6.2 Recommendations

Three  recommendations: (1) _adopt the
seven-principle integrative macroecology research
design  framewor as a checklist for
macroecological study design -- the r =_0.87

framework “compliance-IMI “correlation and the
2.47x predictive accuracy advantag{e of high-IMI
studies provide strong evidence that following the
seven principles substantially improves research
guahty;. the most impactful single improvement is
1 (unified database) which shows the largest
compliance gap (96% in_ top studies vs. 38%
overall_ll) and “is 1ncrea51n(111y easible with GBIF;
BIOCHANGE; TRY; and TimeTree providing the
unified data infrastructure needed; (2} prioritise
LDG-EMF integration as the central research
agenda for macroecological conservation_ science
in 2025-2030 -- the 3.14x gohcy citation advantage
and the highest per-study citation rate of any
Eattern combination confirm that connecting the
iodiversity gradient to ecosystem _function
gradients ~ is the most
macroecological = research  investmient;  the
theoretical foundation (BEF + LDG -> global
ecosystem service %radlent) is established™ from
DBA’ papers 269; 285; 290 and requires onl
unified "global datasets at adequate spatia
resolution for definitive testing; and (3) establish
IMI or ec%uwalent integration’ quality metrics as
criteria for research  funding allocation in
macroecological conservation science -- just as
methodological quality criteria (power _analysis;
pre-registration; open data) have been adopted b
major = funders in clinical and psychologica
research, IMI-based quality thresholds” (minimum
IMI > 0.50 for major m.acroecologlca_l research
grants would systematically shift investment
oward the integrative multl;Pattern research that
produces the most scienti 1ca1%/1r\17 rigorous and
policy-relevant outputs. All I scoring data
deposited openly.

policy-impactful
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Appendix A

IMI Scoring Rubric and Research Design
Framework Checklist

The complete IMI scoring rubric and the
seven-principle integrative macroecology research
design framework checklist are provided below for
immediate adoption by macroecological researchers
and funding agencies.

IMI SCORING RUBRIC

Dimension 1 -- Pattern Breadth (PB; weight 0.25):
Count the number of distinct macroecological
patterns explicitly analysed in the study. Patterns
counted: (1) Latitudinal Diversity Gradient (species
richness vs. latitude or temperature across >= 500
km range); (2) Species-Area Relationship (species
number vs. area at >= 2 spatial scales; islands or
habitat patches); (3) Abundance-Occupancy
Relationship (positive correlation between local
abundance and geographic range size across
species); (4) Body-size Scaling / Metabolic Theory
(biological rates or diversity vs. body mass or
temperature); (5) Range-Size Frequency Distribution
(distribution of geographic range sizes across species
in a taxon); (6) Functional Diversity Gradient (FRic;
FDiv; or FEve vs. latitude; area; or environment); (7)
Phylogenetic Diversity Gradient (PD; MPD; or MNTD
vs. latitude or environment); (8) Ecosystem
Multifunctionality Gradient (EMF vs. richness;
latitude; or environment); (9) Phenological gradient
(timing of biological events vs. climate); (10)
Range-shift velocity (speed of range shifting vs.
climate change rate). PB norm = (n patterns - 1) /9.
If n patterns = 1: PB norm = 0. If n patterns >= 10:
PB norm = 1.

Dimension 2 -- Mechanistic Explicitness (ME; weight
0.25): Score 0-1 based on how explicitly the study
specifies and tests causal mechanisms. 0.0 = purely
descriptive pattern documentation (no causal claims).
0.25 = qualitative mechanistic interpretation (verbal
explanation of possible mechanism in discussion; no
formal test). 0.50 = partial mechanism test
(correlation or regression of putative driver on
pattern; no path model). 0.75 = path model or SEM
specified and tested (DAG drawn; path coefficients
reported; model fit assessed). 1.0 = full
process-based mechanistic model (differential
equations or simulation; model tested against all
observed patterns simultaneously). Score the highest
level achieved in the study.

Dimension 3 -- Dataset Unification (DU; weight 0.20):
Binary assessment. Score 1.0 if all macroecological
patterns studied are derived from a single unified
dataset (same species list; same sites; same time
period). Score 0.5 if >= 50% of patterns share a
dataset but some are from separately published
datasets. Score 0.0 if each pattern is studied from a
separately assembled dataset. Justification: studies
using unified datasets eliminate the confounding of
dataset-specific biases when comparing patterns --
the most methodologically rigorous approach.

Dimension 4 -- Taxonomic Breadth (TB; weight 0.15):
Count major taxonomic groups included in the
integrated pattern analysis: (1) vascular plants; (2)
non-vascular plants + fungi; (3) invertebrates
(arthropods; molluscs; worms); (4) vertebrates (fish;
amphibians; reptiles; birds; mammals separately or
combined); (5) microorganisms (bacteria; archaea;
protists). TB norm = (n_groups - 1) / 4. Single taxon
= 0; all 5 groups = 1.0.

Dimension 5 -- Scale Integration (SI; weight 0.15):
Binary. Score 1.0 if patterns are explicitly analysed at
>= 2 spatial scales (e.g., local 0-10 km + regional
10-1000 km + global > 1000 km) OR >= 2 temporal
scales (annual + decadal; or short-term + long-term).
Score 0.5 if >= 2 scales are mentioned but not
formally analysed (e.g., global pattern discussed in
context of local data). Score 0.0 if only a single spatial
and temporal scale is used. IMI = 0.25 x PB norm +
0.25x ME + 0.20x DU + 0.15 x TB norm + 0.15 x SI.

RESEARCH DESIGN FRAMEWORK
CHECKLIST

P1 -- Unified database: Before starting data
collection, identify a single unified database that can
provide all occurrence; trait; function; and
phylogenetic data needed for all intended
macroecological patterns. Preferred sources: GBIF
(occurrence; 2.4 billion records; free API);
BIOCHANGE or BioTIME (abundance time series);
TRY (traits; free request); TimeTree 5 (phylogeny;
free web query); Multifunc protocol (EMF; DBA paper
285 for measurement). If a unified database is not
available for your question, design the field campaign
to measure all patterns from the same sites and
species in a single survey season. Compliance check:
can all pattern analyses be run from a single data
frame where rows are species (or sites) and columns
include occurrence; abundance; traits; PD; and
function measurements?

P2 -- Multiple scale analysis: Pre-register the spatial
scales at which each pattern will be tested before
data collection. Minimum: 2 scales (e.g., site-level
species richness AND regional turnover). Optimal: 3
scales (local + regional + continental or global). For
temporal patterns: include both interannual and
decadal variation. Include scale as an explicit
predictor in all LMMs and test for scale x predictor
interactions.

P3 -- Explicit causal model: Draw the directed acyclic
graph (DAG) of mechanistic relationships between all
patterns before beginning analysis. Specify each
path: what is the causal mechanism? What is the
expected sign (+/-) of the path? Pre-register the DAG
and expected path signs. Use piecewiseSEM R
(Lefcheck 2016) for implementation. Report: path
coefficients; standard errors; model fit (Fisher's C;
p-value); and path significance. If a process-based
model is available for the system, implement it;
calibrate against observed patterns; and test
predictions against held-out data.

P4 -- Multi-taxon coverage: Include >= 3 major
taxonomic groups in the integrated analysis. Design:
survey plants; invertebrates; and at least one
vertebrate group from the same sites in the same
season. Use trait databases covering all included
groups. Justify any single-taxon limitation explicitly
(e.g., 'marine bivalves only because no terrestrial
taxon comparison is valid in this marine system').

P5 -- Out-of-sample validation: Implement spatial
block cross-validation (blockCV R; Valavi et al. 2019;
minimum 5 spatial blocks with minimum 50 km gap
between train and test blocks) for all predictive
models. Additionally: if time series data are available,
implement temporal holdout (train on 1970-2010;
predict 2010-2024). Report: R2 from spatial block CV
as the primary accuracy metric; NOT R2 from
in-sample fit. The gap between in-sample and
out-of-sample R2 is itself informative -- large gaps
indicate overfitting and reduce IMI ME score.

P6 -- Conservation translation: Include a section
(minimum 400 words) explicitly connecting the
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macroecological findings to conservation or
ecosystem management decisions. This section must:
(a) identify the specific management question or
conservation decision the findings inform; (b)
quantify the conservation implication (e.g., 'reducing
habitat area by 50% is predicted to reduce species
richness by 15% from SAR'); and (c) recommend
specific management actions at an operational scale.
Avoid generic statements (‘our results suggest that
biodiversity conservation is important').

P7 -- Open data and code: Deposit all data
(occurrence; trait; function; phylogeny; model
outputs) and all analysis code (R scripts or Python
notebooks; commented) in a public repository
(Zenodo; GBIF; Dryad; GitHub + Zenodo DOI) before
manuscript submission. Include a README.md
documenting: data sources; variable definitions;
analysis workflow; and hardware/software
requirements for reproduction. Submit the Zenodo
DOI in the manuscript data availability statement.
Make the dataset CC BY 4.0 or more permissive.
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