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INTRODUCTION

Water-quality monitoring networks balance 
information demand, station location, revisit fre-
quency, constituent portfolio, and cost. Recent 
studies optimize sampling locations or evaluate 
network layouts against several decision crite-
ria rather than maximizing station count alone 
(Alvarez-Vázquez et al., 2023; Li et al., 2024). 
Reviews of surface-water networks likewise treat 

spatial coverage, temporal design, and informa-
tion content as linked choices (Jiang et al., 2020; 
Strobl and Robillard, 2008).

Monitoring-network design also considers 
temporal feasibility, spatial information, redun-
dancy, and cost (Alilou et al., 2019; Camara et 
al., 2020). Multiparameter systems make tem-
poral coverage and constituent portfolios ex-
plicit choices (Syafrudin et al., 2024). Temporal 
settings can change the evidence produced by a 
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network: coarser reporting can attenuate peaks, 
miss events, and reverse event rankings (Basti-
das Sánchez, 2026). The present study addresses 
a different temporal decision – whether stations 
remain eligible after minimum-eligible-year and 
calendar-quarter-coverage rules are applied.

A harmonized archive introduces a second 
design stage after field deployment. Analysts de-
fine a retained monitoring network whenever they 
impose a minimum-eligible-year threshold, calen-
dar-quarter-coverage rule, or constituent intersec-
tion. Station loss is automatic; its geographic con-
sequence is not. The design question is whether 
different constituents and temporal thresholds re-
organize country composition and FEOW repre-
sentation in consistent or divergent directions.

This retrospective selection differs from 
preferential site placement, although the inferen-
tial risk is related. Preferential-sampling models 
evaluate whether monitoring locations depend 
on the environmental process, and changing-
network methods address bias when sites enter 
or leave over time (Watson et al., 2019; Zidek et 
al., 2014). Here, the non-obvious outcomes are 
whether q = 0, q = 1, and q = 2 disagree, whether 
occupancy can fall while evenness rises, wheth-
er direction changes by constituent, and how 
much of the dominance pattern is reproduced 
after country counts are fixed. Treating deter-
ministic archive filtering as a second network-
design operation makes each outcome auditable 
before inference.

Global water-quality archives inherit unequal 
national capacity, monitoring mandates, and data-
source histories after harmonization (Jones et al., 
2024; Kirschke et al., 2020). Recent freshwater 
research has emphasized that large data volumes 
can coexist with incomplete or uneven represen-
tation of ecological settings (Harwell et al., 2024; 
Smits et al., 2025). Comparable diagnostics re-
main uncommon for post hoc eligibility rules, 
even though the retained observations may sup-
port restoration appraisal, pollution-control de-
sign, or model transfer.

River assessments depend on whether ob-
servations span the ecological settings across 
which stressor responses and management out-
comes vary (Su et al., 2021). Freshwater biodi-
versity risk is both severe and unevenly observed 
(Reid et al., 2019; Sayer et al., 2025). Monitor-
ing standards increasingly emphasize comparable 
biological and biogeographic coverage (Birk et 
al., 2020; Simaika et al., 2024). Restoration and 

basin-management evaluations likewise require 
monitoring evidence that matches the intended 
spatial domain (Odnorih et al., 2020; Palmer et al., 
2005). A numerically large but compositionally 
concentrated network can therefore create a false 
impression of broad ecoregion representation.

The contribution is not to show that stricter 
rules remove stations or that record abundance is 
geographically clustered. It is to identify direc-
tional instability: whether constituent, minimum 
eligible-year threshold, and Hill order produce 
responses that station loss alone cannot antici-
pate, and how much of the dominance pattern is 
reproduced after country counts are fixed. Equal-
size departures are retained as descriptive con-
text, not presented as proof of selection beyond 
monitoring effort.

Caravan-Qual integrates stream-water-quality 
observations with large-sample hydrology (Jones 
et al., 2026a; Kratzert et al., 2023). GRQA illus-
trates the value and inherited provenance of relat-
ed global products, although no cross-archive sta-
tion match is attempted here (Virro et al., 2021). 
Freshwater Ecoregions of the World (FEOW) 
provide the ecological geography (Abell et al., 
2008). Hill numbers separate occupied categories 
(q=0), Shannon-weighted common and uncom-
mon categories (q=1), and dominance-sensitive 
effective number (q=2) (Hill, 1973; Jost, 2006).

We asked four questions: whether tempo-
ral rules produced a common or directionally 
unstable response across six constituents, three 
diversity orders, and two observation windows; 
whether FEOW occupancy could fall while dom-
inance-sensitive balance rose; how much FEOW 
variation remained after country composition was 
fixed; and what a stricter calendar-quarter rule 
implied for a worked monitoring-network deci-
sion. The estimand is the fixed retained network 
in a documented release, not a hypothetical popu-
lation of stations.

The interpretation had explicit failure condi-
tions. Directional instability would fail if constit-
uent–hierarchy profiles moved monotonically in 
a common direction as eligibility tightened. The 
country-composition interpretation would fail if 
within-country q=2 deviations remained compa-
rable to equal-size deviations despite informative 
within-country variation. The worked design con-
sequence would fail if the stricter calendar-quarter 
rule changed station count but left FEOW occu-
pancy, balance and country leverage unchanged.
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MATERIALS AND METHODS

The primary source was Caravan-Qual Lite 
version 1.1, Zenodo record 21337532 (https://
doi.org/10.5281/zenodo.21337532; accessed 20 
August 2026) (Jones et al., 2026c). Six members 
were streamed directly from the official ZIP: elec-
trical conductivity (EC), total phosphorus (TP), 
dissolved oxygen (DO), nitrate as nitrogen (NO3-
N), total suspended solids (TSS), and dissolved 
organic carbon (DOC). Full source and member 
SHA-256 hashes are reported in Table S3. Coun-
try metadata provenance was checked against the 
public construction code (Jones et al., 2026b).

The primary window was 1 January 2000 
through 31 December 2020. It was selected as 
a common 21-year contemporary horizon with 
broad cross-constituent support, so that the min-
imum requirements of three, five, or ten eligible 
calendar years were evaluated against the same 
opportunity period rather than unequal histori-
cal availability. The analysis did not assume that 
the archive’s most recent years were complete; 
source-specific reporting lags and right-edge 
truncation could affect 2021–2025. The 2000–
2020 interval is therefore a worked design hori-
zon, not a regulatory standard, and every prima-
ry result was compared with a 1980–2025 sensi-
tivity window rather than a presumed complete 
release window.

Published numeric values flagged ‘<’ were 
retained as released. Because eligibility depends 
on sampling dates rather than concentrations, the 
archive’s censoring convention does not affect 
any result reported here; variable counts appear in 
Table S2. Values flagged ‘*’ were excluded from 
eligibility because release-identified anomalies 
could create station-years, and an inclusion sensi-
tivity was retained. The 19 finite rows carrying a 
different nonblank flag (17 EC, one DO, and one 
TSS) were retained because the release did not 
designate them as outliers; their dates and values 
entered the same eligibility and daily-median pro-
cessing. Multiple finite station-date values were 
collapsed to their median.

The primary eligible year contained at least 
four distinct sampling days in at least three cal-
endar quarters, and a station required a mini-
mum of five eligible calendar years within the 
observation window. Eligible years did not have 
to be consecutive. This worked rule demands a 
calendar-quarter spread without requiring all four 
quarters and permits one within-quarter repeat; it 

was fixed before geographic comparisons and is 
not proposed as universal. Sensitivity to the mini-
mum number of eligible years used thresholds of 
3, 5, and 10 for all six constituents. Within-year 
sensitivity held the five-year minimum fixed and 
evaluated 3d/3q, 4d/2q, 4d/3q, 4d/4q and 6d/3q 
(constituent counts in Table S13). Cohort A was 
the primary EC network. Cohort B was the sta-
tion-level intersection of the independently eli-
gible EC, TP, and DO networks; it established the 
availability of all three constituents at the same 
stations but did not require overlap among their 
eligible years or sampling dates. This intersec-
tion spans ionic condition, nutrients, and oxygen 
while retaining a usable sample, but it was not 
treated as an exhaustive or optimal constituent 
portfolio. NO3-N, TSS and DOC remained in the 
complete minimum-eligible-year audit, and alter-
native intersections are reported in Table S11, so 
the EC–TP–DO station intersection does not de-
fine the general conclusion.

Country labels were taken from version 1.1 
station metadata; they originate from a bound-
ary overlay and are not agency or monitoring-
program identifiers. All inferences therefore use 
‘country composition’ rather than ‘national pro-
gram’. Ecoregions were assigned independently 
by point overlay against the FEOW first-edition 
boundary update aligned to HydroBASINS in Jan-
uary 2013 (GIS_hs_snapped; https://www.feow.
org/files/downloads/GIS_hs_snapped.zip; ac-
cessed 20 August 2026). Station longitude/latitude 
and FEOW polygon coordinates were handled as 
WGS 84 geographic coordinates in decimal de-
grees (EPSG:4326), with no reprojection. The 
fixed reference contained 426 ecoregions in Af-
rotropic, Australasia, Indo-Malay, Nearctic, Neo-
tropic, Oceania, and Palearctic realms. FEOW has 
no Antarctic freshwater realm in this geometry.

For countries, ecoregions, and realms, Hill 
q=0 richness, q=1 exponential-Shannon diversity 
and q=2 inverse-Simpson effective diversity were 
calculated. Unassigned stations remained in sta-
tion and country totals but were excluded from 
FEOW profiles; their counts were reported for 
every network. These are exact descriptors of one 
release, window, and rule, so no station-bootstrap 
confidence intervals were attached. For station 
counts, q=2 is the reciprocal of the Herfindahl 
concentration index over category shares; the Hill 
formulation places q=0, q=1, and q=2 on a com-
mon effective-number scale. Throughout, FEOW 
representation denotes the distribution of retained 



294

Journal of Ecological Engineering 2026, 27(12), 291–305

stations among FEOW ecoregions and realms; it 
does not measure ecological condition, upstream 
exposure, river-network density, biodiversity, or 
ecological representativeness in a causal sense.

The equal-size reference drew 10,000 subsets 
without replacement from the corresponding con-
stituent or intersection pool, always matching the 
retained station count (master seed 20260810). 
Station pools were ordered canonically by wqms_
id; analysis-by-hierarchy random substreams 
were derived from the master seed and canoni-
cal labels, and category vectors were lexically 
ordered. This makes results independent of set, 
merge, and analysis-call order. The observed val-
ue, median, 2.5th–97.5th percentile range and ex-
act number of draws at or below the observation 
were reported. Endpoint values such as 0/10,000 
and 10,000/10,000 mean that none or all of the 
simulated draws were at or below the observa-
tion; they are empirical ranks, not exact p-values 
of zero or one. The equal-size reference assumes 
exchangeable stations and is not conditioned on 
station record abundance. Because eligibility is 
generated by the minimum number of eligible 
years and calendar-quarter sampling, while moni-
toring effort is clustered by country, agency, and 
basin, departure from this reference is expected 
a priori. Its medians, ranges, and ranks are used 
only as descriptive context; they cannot establish 
selection beyond monitoring effort. Therefore, 
interpretation emphasizes magnitude, direction, 
and changes across constituents and q rather than 
rank alone.

The within-country reference preserved the 
observed station count in every country and resa-
mpled within those strata (10,000 draws; master 
seed 20260811) using the same canonical order-
ing and named-substream rule. It was applied to 
28 analysis configurations, corresponding to 27 
distinct networks, because EC at five years is iden-
tical to the primary Cohort A 4d/3q network and 
was simulated once. No fixed percentage thresh-
old was applied. Each q profile was interpreted 
from its reference range and empirical rank.

A separate feasible-range audit was per-
formed only for within-country q=2 in the two 
primary networks. At fixed country totals and 
fixed FEOW-assigned station count, maximizing 
q=2 is equivalent to minimizing Σj nj². For eco-
logical unit j, binary marginal variables yjk rep-
resented the kth selected station, with nj=Σk yjk 
and nj²=Σk(2k−1)yjk; this converts the quadratic 
concentration objective to a mixed-integer linear 

program. SciPy scipy.optimize.milp (HiGHS) 
solved the exact maximum-evenness assignment 
with relative MIP gap 0.0. Deterministic coordi-
nate ascent supplied a concentrated feasible as-
signment, not a certified global minimum. These 
calculations show what departures can occur in 
Cohorts A and B; they do not establish feasible 
ranges for the other 25 networks, particularly 
smaller networks with less freedom.

It was also measured how much ecological 
variation remained available within countries. 
The candidate pool was restricted to countries 
represented in the retained network. Using natu-
ral logarithms and station weights, H(E|C)=Σc 
pcH(E|C=c), conditional q1=exp[H(E|C)] and 
association=1−H(E|C)/H(E). All represented stra-
ta entered the entropy calculation. Sampling slack 
means that a country’s retained target is smaller 
than its candidate-pool count; a stratum is informa-
tive when it has slack and more than one assigned 
ecological category. Category degrees of freedom 
equal Σc(Kc−1) across informative strata. These 
quantities distinguish a small residual under lim-
ited within-country variation from one observed 
when substantial variation was available. This 
information-theoretic diagnostic is consistent with 
the use of entropy measures in water-monitoring 
network design (Keum et al., 2017).

Country influence was assessed systematical-
ly by removing every represented country from 
every distinct network. The United Kingdom and 
Mexico decompositions were then reported be-
cause the leave-one-country-out ranking identi-
fied exceptional influence in the worked EC and 
Cohort B cases. Area-proportional FEOW refer-
ences, VPU 605 exposure, outlier inclusion, and 
proximity-based duplicate collapse were retained 
as scale and processing checks. The VPU 605 
audit used the GEOGLOWS v2 package-meta-
data snapshot (http://geoglows-v2.s3-website-us-
west-2.amazonaws.com/tables/package-metada-
ta-table.parquet; accessed 20 August 2026) only 
for a tabular LINKNO–VPUCode join; no addi-
tional coordinate reference system was involved. 
The complete protocol and workflow are given in 
Table S1 and Figure S1; the equal-size results for 
every network are in Table S4.

The primary and four-quarter Cohort B rules 
were compared using station retention, q=0/1/2 
FEOW representation, country leverage, and 
within-country residual profiles. This worked 
comparison organizes design consequences; it 
does not optimize a new field network.
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All analyses were run on Linux 6.18.35 with 
Python 3.12.13, NumPy 2.3.5, pandas 2.2.3, 
SciPy 1.17.0 (HiGHS 1.8.0 backend), Matplot-
lib 3.10.8, scikit-learn 1.8.0, and Pillow 12.3.0. 
FEOW geometry was read by the script’s deter-
ministic shapefile/DBF parser; GeoPandas was 
not used.

RESULTS

The six-file union contained 77,258 stations 
during 2000–2020. After excluding outlier-only 
records, the candidate pools were 56,816 EC, 
38,888 TP, 48,817 DO, 45,403 NO3-N, 32,627 
TSS and 23,009 DOC stations. Cohort A retained 
14,387 stations; the station-level EC–TP–DO in-
tersection (Cohort B), a subset of Cohort A, re-
tained 4,373. FEOW assignment was available 
for 14,353 Cohort A stations (99.76%) and 4.360 
Cohort B stations (99.70%).

Cohort A occupied 48 countries and all seven 
realms, while Cohort B occupied 36 countries 
and four realms (Table 1; Figure 1). The unfil-
tered EC–TP–DO intersection had already been 
restricted to five realms, so most of the realm 
limitation was inherited from the underlying sta-
tion-level constituent intersection; temporal eli-
gibility removed one further realm. The retained 
four were Indo-Malay, Nearctic, Neotropic, and 
Palearctic. Within-realm FEOW representation is 
reported in Table S10, and station-level chemical 
summaries in Table S12.

All six constituents lost stations and effective 
countries as the minimum eligible-year require-
ment increased, but FEOW trajectories differed 
(Table 2; Figure 2). EC and TP gained q=2 ecore-
gion representation between three and ten years; 
EC realms peaked at five years. DO declined at all 
three q=2 hierarchies. NO3-N and TSS declined 
for countries and ecoregions, but their realm q=2 
rose marginally between three and five years be-
fore falling at ten. DOC lost 90.7% of stations but 
increased q=2 ecoregions from 3.909 to 6.594. 

Therefore, station attrition did not predict either 
the sign or the scale of the geographic response.

For descriptive context, the primary equal-
size comparison changed interpretation across 
diversity orders (Table 3; Figure 3). Cohort A 
ecoregions were below the equal-size median by 
23.5%, 37.0%, and 48.3% for q=0, 1, and 2. Cohort 
B ecoregions had fewer occupied units (−10.8%; 
rank 0/10,000) but higher q=1 (+24.7%) and q=2 
(+46.1%), meaning fewer ecoregions with a more 
even distribution among those retained. Cohort B 
realm q=1 and q=2 were 19.8% and 23.4% above 
their medians. Realm q=0 was four rather than 
the median of five, but its rank of 1.631/10,000 
placed it within the equal-size reference; it was 
therefore a discrete, structurally limited contrast 
rather than evidence of unusual realm loss. These 
exchangeability-based contrasts are descriptive 
baselines, not tests of selection beyond monitor-
ing effort. A q=2-only summary would neverthe-
less have hidden the ecoregion occupancy deficit 
present in the retained network.

The q=2 equal-size magnitudes reinforced the 
constituent dependence (Table 4). EC ecoregions 
were 43.0–49.6% below the reference at all mini-
mum eligible-year thresholds. TP changed from 
an ecoregion deficit at three years to an excess at 
ten. DO, NO3-N, and TSS produced progressively 
concentrated country and ecoregion distributions, 
while DOC produced a late ecoregion excess.

Within-year rules produced a second source 
of divergence. Requiring coverage in all four 
calendar quarters retained 2.621 rather than 
4.373 Cohort B stations, a loss of 1.752 stations 
(40.1%). It increased country q=2 from 4.460 to 
4.902, but reduced ecoregion q=2 from 19.066 
to 9.722 and realm q=2 from 2.904 to 2.334. It 
also removed nine occupied ecoregions while all 
four retained realms remained present, shifted the 
leading country from Mexico to the United States 
and increased the leading-country share by 6.6 
percentage points (Table 5).

Removing the United Kingdom changed the 
complete EC minimum-eligible-year trajectory 

Table 1. Hill profiles and country dominance in the primary networks

Cohort Stations Countries q0 / q1 / q2 Ecoregions q0 / q1 / q2 Realms q0 / q1 / q2 Leading country

Cohort A 14,387 48 / 8.318 / 4.839 143 / 24.217 / 5.541 7 / 3.541 / 2.706 United Kingdom (38.5%)

Cohort B 4.373 36 / 7.583 / 4.460 91 / 39.665 / 19.066 4 / 3.158 / 2.904 Mexico (34.4%)

Note: q=0 is richness; q=1 is exponential-Shannon diversity; q=2 is inverse-Simpson effective diversity. 	
FEOW profiles use assigned stations.
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Figure 1. Geographic distribution of (a) Cohort A and (b) Cohort B. Points are colored by FEOW realm.
Black crosses, identified in the legend as unassigned FEOW, mark the 34 Cohort A

and 13 Cohort B stations without FEOW assignment

Table 2. Six-constituent sensitivity to minimum number of eligible calendar years

Variable
Min. 

years
Stations

Countries q0 / q1 
/ q2

Ecoregions q0 / q1 / q2
Realms q0 / q1 

/ q2
Leading country

EC 3 20,460 53 / 9.761 / 5.682 154 / 23.417 / 5.403 7 / 3.222 / 2.410 United Kingdom (34.7%)

EC 5 14,387 48 / 8.318 / 4.839 143 / 24.217 / 5.541 7 / 3.541 / 2.706 United Kingdom (38.5%)

EC 10 5.328 19 / 4.985 / 3.821 91 / 20.198 / 6.108 4 / 3.006 / 2.605 United Kingdom (38.9%)

TP 3 14,088 49 / 14.134 / 9.717 122 / 28.473 / 8.500 7 / 3.408 / 2.724 United States (17.8%)

TP 5 9.554 47 / 12.581 / 8.031 115 / 34.570 / 11.815 7 / 3.670 / 3.028 United States (20.0%)

TP 10 2.163 20 / 6.263 / 3.861 73 / 31.010 / 16.589 6 / 3.271 / 2.491 United States (45.9%)

DO 3 18,775 53 / 7.696 / 4.185 128 / 10.713 / 2.865 5 / 2.502 / 1.902 United Kingdom (44.9%)

DO 5 13,594 47 / 5.720 / 2.978 118 / 8.871 / 2.533 5 / 2.292 / 1.807 United Kingdom (54.9%)

DO 10 6.560 19 / 2.411 / 1.682 69 / 4.190 / 1.750 4 / 1.865 / 1.539 United Kingdom (75.2%)

NO3-N 3 18,635 52 / 7.871 / 4.198 122 / 8.530 / 2.554 7 / 2.151 / 1.639 United Kingdom (44.4%)

NO3-N 5 14,633 50 / 6.461 / 3.462 111 / 7.768 / 2.412 6 / 2.192 / 1.665 United Kingdom (49.9%)

NO3-N 10 6.144 22 / 2.401 / 1.571 66 / 3.430 / 1.583 5 / 1.722 / 1.399 United Kingdom (78.8%)

TSS 3 14,765 51 / 9.831 / 5.516 111 / 13.374 / 3.876 7 / 2.765 / 2.045 United Kingdom (37.0%)

TSS 5 11,488 46 / 8.399 / 4.948 98 / 12.313 / 3.605 6 / 2.792 / 2.054 United Kingdom (38.7%)

TSS 10 3.786 25 / 3.504 / 2.015 50 / 5.131 / 2.056 5 / 2.225 / 1.661 United Kingdom (68.9%)

DOC 3 8.735 40 / 7.689 / 5.599 96 / 12.385 / 3.909 6 / 2.482 / 2.078 France (27.2%)

DOC 5 6.410 35 / 7.051 / 5.156 92 / 12.750 / 4.212 6 / 2.617 / 2.234 France (29.7%)

DOC 10 812 12 / 5.259 / 4.065 46 / 15.033 / 6.594 3 / 2.173 / 2.016 United States (38.4%)

Note: Annual rule: ≥4 days in ≥3 calendar quarters. All six variables were analyzed under identical filters.
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rather than eliminating all contrasts (Table 6). 
Without the United Kingdom, ecoregion q=2 fol-
lowed 30.265 → 46.499 → 30.167. From three to 
five years, country q=2 declined while ecoregion 
and realm q=2 increased; from five to ten years, 
all three declined. Thus, only the three-to-ten-
year endpoint contrast disappeared.

The five-year peak was reproducible. Of 
5.538 United Kingdom stations, 5.353 were in 
FEOW 404, 170 in FEOW 402, and 15 were 
unassigned. Removal reduced FEOW 404 from 
41.7% to 7.1% of assigned stations and increased 
ecoregion q=2 8.4-fold. The remaining network 
was most even at five years: its largest ecoregion 
share was 7.1%, compared with 13.2% at three 

years and 10.2% at ten. All 143 five-year ecore-
gions remained occupied because FEOW 402 
was shared with Ireland and FEOW 404 with ten 
continental labels; at ten years, removal did re-
duce richness from 91 to 90 (full FEOW decom-
position in Table S19).

Mexico supplied 1.506 Cohort B stations 
under the primary rule across 25 ecoregions 
(q1=15.858; q2=12.913), but only 166 stations 
across 16 ecoregions under four-quarter cover-
age (q1=11.584; q2=9.373). Its network share fell 
from 34.4% to 6.3%; the United States became 
the leading country at 41.0%, so the leading share 
increased by 6.6 percentage points (Table 7; Fig-
ure 4; FEOW decomposition in Table S18). The 

Figure 2. Trajectories across the minimum number of eligible years for all six constituents
Each line is indexed to the corresponding three-year value; all panels use the same vertical scale,

separating station attrition from changes in q=2 effective diversity
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Table 3. Equal-size Hill-profile references for the primary networks

Cohort Hierarchy q Pool / retained Observed Null median [95% range] %Δ / contrast r≤obs

Cohort A Countries 0 56,816 / 14,387 48 71 [65–76] -32.4% 0/10000

Cohort A Countries 1 56,816 / 14,387 8.318 8.842 [8.662–9.028] -5.9% 0/10000

Cohort A Countries 2 56,816 / 14,387 4.839 4.675 [4.576–4.779] +3.5% 9992/10000

Cohort A Ecoregions 0 56,816 / 14,387 143 187 [181–192] -23.5% 0/10000

Cohort A Ecoregions 1 56,816 / 14,387 24.217 38.443 [37.468–39.430] -37.0% 0/10000

Cohort A Ecoregions 2 56,816 / 14,387 5.541 10.713 [10.329–11.118] -48.3% 0/10000

Cohort A Realms 0 56,816 / 14,387 7† 7 [7–7] +0.0% 10000/10000

Cohort A Realms 1 56,816 / 14,387 3.541 3.313 [3.271–3.353] +6.9% 10000/10000

Cohort A Realms 2 56,816 / 14,387 2.706 2.674 [2.646–2.701] +1.2% 9910/10000

Cohort B Countries 0 21,524 / 4.373 36 37 [34–41] -2.7% 2949/10000

Cohort B Countries 1 21,524 / 4.373 7.583 7.660 [7.385–7.941] -1.0% 2982/10000

Cohort B Countries 2 21,524 / 4.373 4.460 4.307 [4.133–4.495] +3.5% 9471/10000

Cohort B Ecoregions 0 21,524 / 4.373 91 102 [98–106] -10.8% 0/10000

Cohort B Ecoregions 1 21,524 / 4.373 39.665 31.818 [30.574–33.066] +24.7% 10000/10000

Cohort B Ecoregions 2 21,524 / 4.373 19.066 13.046 [12.260–13.905] +46.1% 10000/10000

Cohort B Realms 0 21,524 / 4.373 4† 5 [4–5] 4 vs 5† 1631/10000

Cohort B Realms 1 21,524 / 4.373 3.158 2.635 [2.590–2.682] +19.8% 10000/10000

Cohort B Realms 2 21,524 / 4.373 2.904 2.353 [2.319–2.387] +23.4% 10000/10000

Note: 10,000 draws. q=0 values are counts; q=1 and q=2 are shown to three decimals; r≤obs is the exact empirical 
rank among the 10,000 draws and is not an exact p-value; 0/10,000 and 10,000/10,000 do not mean probabilities 
of exactly zero or one. † Realm q=0 is structurally saturated: Cohort A is fixed at seven realms and Cohort B spans 
only four or five; the latter is shown as 4 vs 5 rather than a percentage.

Figure 3. Primary-network Hill profiles relative to equal-size and within-country medians.
Panels (a) and (b) share one vertical scale, as do panels (c) and (d). Country counts are fixed by design in the 

within-country reference and are therefore omitted from panels (c) and (d). In panel (d),
the hatched Cohort B realm q=0 bar is the within-country one-unit contrast (rank 2.994/10,000);

the corresponding equal-size contrast in panel (b) has rank 1.631/10,000
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leave-one-country-out analysis placed Mexico 
among the strongest Cohort B influences, but not 
alone: removing Mexico reduced ecoregion q=2 
by 47.6%, removing the United States reduced it 
by 45.2%, and removing the United Kingdom in-
creased it by 54.3% (Table S14).

Within-country resampling largely repro-
duced the q=2 profiles after country counts were 
fixed without eliminating FEOW occupancy and 
q1 deficits (Table 8). In Cohort A, ecoregion re-
siduals were −11.2%, −2.1%, and +0.7% for q=0, 

1, and 2. In primary Cohort B, they were −8.1%, 
−4.1%, and +0.5%; under four-quarter coverage, 
they were −13.7%, −8.5%, and +1.2%. Several 
q=0 and q=1 observations lie outside all 10,000 
draws. The detailed medians, ranges, and ranks 
for all 27 networks are retained in Table S5 and 
the machine-readable CSV.

Available within-country variation depended 
on scale (Table 9). For the two primary networks, 
normalized country–ecoregion association was 
0.45–0.48, and conditional q1 diversity was 

Table 4. q=2 departures from equal-size medians across minimum eligible-year thresholds

Variable Countries q2 %Δ (3 / 5 / 10 years) Ecoregions q2 %Δ (3 / 5 / 10 years) Realms q2 %Δ (3 / 5 / 10 years)

EC +21.5% / +3.5% / -18.3% -49.6% / -48.3% / -43.0% -9.9% / +1.2% / -2.5%

TP +53.0% / +26.5% / -39.2% -24.5% / +5.0% / +47.9% +4.5% / +16.2% / -4.4%

DO -19.6% / -42.8% / -67.7% -48.4% / -54.4% / -68.5% -15.6% / -19.8% / -31.7%

NO3-N -36.8% / -47.8% / -76.3% -44.6% / -47.7% / -65.7% -21.4% / -20.2% / -32.9%

TSS -12.2% / -21.2% / -67.9% -15.2% / -21.1% / -55.0% -3.4% / -3.0% / -21.6%

DOC +13.3% / +4.4% / -17.4% -37.5% / -32.7% / +5.8% -6.5% / +0.5% / -9.3%

Note: Values are ordered as 3 / 5 / 10 eligible years. Full observed values, reference ranges and empirical ranks 
are reported in Table S4.

Table 5. Sensitivity to five within-year rules

Annual rule Cohort Stations Countries n / q2 Ecoregions n / q2 Realms n / q2 Leading country

≥3 days in ≥3 quarters Cohort A 14,773 48 / 4.869 149 / 5.597 7 / 2.711 United Kingdom (38.3%)

≥3 days in ≥3 quarters Cohort B 4.506 36 / 4.530 92 / 19.512 4 / 2.903 Mexico (33.9%)

≥4 days in ≥2 quarters Cohort A 15,096 48 / 4.862 144 / 5.655 7 / 2.719 United Kingdom (38.3%)

≥4 days in ≥2 quarters Cohort B 4.551 36 / 4.427 91 / 19.272 4 / 2.911 Mexico (34.8%)

≥4 days in ≥3 quarters* Cohort A 14,387 48 / 4.839 143 / 5.541 7 / 2.706 United Kingdom (38.5%)

≥4 days in ≥3 quarters* Cohort B 4.373 36 / 4.460 91 / 19.066 4 / 2.904 Mexico (34.4%)

≥4 days in 4 quarters Cohort A 11,055 43 / 4.036 130 / 4.106 7 / 2.231 United Kingdom (44.4%)

≥4 days in 4 quarters Cohort B 2.621 33 / 4.902 82 / 9.722 4 / 2.334 United States (41.0%)

≥6 days in ≥3 quarters Cohort A 11,550 46 / 5.194 136 / 5.878 7 / 2.816 United Kingdom (36.1%)

≥6 days in ≥3 quarters Cohort B 3.218 33 / 4.904 85 / 13.658 4 / 2.858 United States (32.1%)

Note: All scenarios require ≥5 eligible years; the asterisk marks the primary rule. Quarter counts refer to 	
calendar quarters.

Table 6. United Kingdom influence across EC minimum-eligible-year thresholds

Years Configuration Stations Countries n / q2 Ecoregions n / q2 Realms n / q2 Leading country

3 Full 20,460 53 / 5.682 154 / 5.403 7 / 2.410 United Kingdom (34.7%)

3 Without United Kingdom 13,362 52 / 7.666 154 / 30.265 7 / 3.366 United States (27.4%)

5 Full 14,387 48 / 4.839 143 / 5.541 7 / 2.706 United Kingdom (38.5%)

5 Without United Kingdom 8.849 47 / 6.467 143 / 46.499 7 / 3.628 United States (30.7%)

10 Full 5.328 19 / 3.821 91 / 6.108 4 / 2.605 United Kingdom (38.9%)

10 Without United Kingdom 3.255 18 / 3.382 90 / 30.167 4 / 2.743 United States (47.3%)

Note: Full and country-removal rows are paired at each threshold.



300

Journal of Ecological Engineering 2026, 27(12), 291–305

6.53–6.66 ecoregions; 94.8–96.7% of retained 
stations occurred in informative country strata. 
The ecoregion comparison, therefore, retained 
meaningful within-country freedom. Country–
realm association was 0.93–0.96, and conditional 
q1 was only 1.04–1.07 realms, so country nearly 
determined realm membership, and the realm 
comparison had little freedom.

The within-country q=2 feasible-range au-
dit showed broad departures in the two primary 
ecoregion networks (Table S20). For Cohort 
A, a feasible concentrated assignment reached 
−18.8% and the exact maximum-evenness as-
signment reached +14.5% relative to the within-
country median; Cohort B reached −55.8% and 
+51.9%. Realm freedom was much narrower: the 
corresponding demonstrated ranges were −3.1% 

to +3.3% and −6.4% to +7.5%. These bounds ap-
ply only to the two audited primary networks. No 
comparable claim is made for the other 25 net-
works, including smaller configurations such as 
DOC at ten years.

The 1980–2025 sensitivity window increased 
Cohort A to 20,681 and Cohort B to 6.540 sta-
tions. Equal-size q=2 magnitudes changed sub-
stantially – Cohort A ecoregions −42.5% and Co-
hort B ecoregions +81.4% – while within-country 
q=2 residuals remained +0.9% and −3.1%. Thus, 
the selected window affected magnitude but did 
not restore neutrality (Table S15). FEOW non-
assignment never exceeded 0.37% across the 27 
primary-window networks (Table S16).

Input-integrity checks confirmed that all 
six official archive members were streamed 

Table 7. Mexico decomposition across Cohort B within-year filters

Rule Configuration Stations Countries n / q2 Ecoregions n / q2 Realms n / q2 Leading country

3d/3q Full 4.506 36 / 4.530 92 / 19.512 4 / 2.903 Mexico (33.9%)

3d/3q Without Mexico 2.977 35 / 4.132 77 / 10.368 4 / 2.245 United States (46.0%)

4d/2q Full 4.551 36 / 4.427 91 / 19.272 4 / 2.911 Mexico (34.8%)

4d/2q Without Mexico 2.969 35 / 4.051 76 / 10.095 4 / 2.239 United States (46.3%)

4d/3q Full 4.373 36 / 4.460 91 / 19.066 4 / 2.904 Mexico (34.4%)

4d/3q Without Mexico 2.867 35 / 4.070 76 / 9.995 4 / 2.229 United States (46.3%)

4d/4q Full 2.621 33 / 4.902 82 / 9.722 4 / 2.334 United States (41.0%)

4d/4q Without Mexico 2.455 32 / 4.387 68 / 8.571 4 / 2.185 United States (43.7%)

6d/3q Full 3.218 33 / 4.904 85 / 13.658 4 / 2.858 United States (32.1%)

6d/3q Without Mexico 2.301 32 / 4.167 68 / 7.656 4 / 2.193 United States (44.9%)

Note: The systematic leave-one-country-out ranking is reported in Table S14.

Figure 4. Country influence in the worked networks, expressed as the q=2 ratio after excluding the focal country 
to the full network. (a) United Kingdom removal from EC. (b) Mexico removal from Cohort B.

Panel (a) uses a logarithmic vertical scale; panel (b) uses a linear scale. A ratio of one indicates no change
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completely; member sizes, complete SHA-256 
hashes, and verification status are reported in Ta-
bles S3 and S17.

Outlier inclusion, VPU 605 exposure, and du-
plicate collapse did not explain the main patterns. 
Reincorporating outliers changed q=2 by at most 
0.220; VPU 605 contributed 13 Cohort A, and no 
Cohort B stations; and high-confidence duplicate 
collapse shifted q=2 by at most 0.076 (Tables S6, 
S7, and S8). Area-proportional comparisons re-
main a scale benchmark rather than a target dis-
tribution (Table S9).

DISCUSSION

The primary-to-four-quarter comparison dem-
onstrates why a temporal rule cannot be evaluated 
by a single headline metric. Country q=2 increased 
by 0.442, but the same rule removed 1.752 stations, 
nine ecoregions, and 13.4 units of FEOW ecoregion 
q1, shifted the leading country, and increased the 
leading share. Its within-country ecoregion q2 resid-
ual remained small, yet q0 and q1 deficits deepened. 
These are simultaneous properties of one retained 
network, not contradictory statistical messages.

Table 8. Selected within-country Hill profiles

Network Hierarchy q Observed Median [95% range] Δ / contrast
Range 
width

r≤obs

Cohort A primary Ecoregions 0 143 161 [157–165] -11.2% 5.0% 0/10000

Cohort A primary Ecoregions 1 24.217 24.742 [24.487–25.002] -2.1% 2.1% 0/10000

Cohort A primary Ecoregions 2 5.541 5.503 [5.461–5.546] +0.7% 1.5% 9612/10000

Cohort A primary Realms 0 7† 7 [7–7] +0.0% 0.0% 10000/10000

Cohort A primary Realms 1 3.541 3.547 [3.535–3.560] -0.2% 0.7% 1672/10000

Cohort A primary Realms 2 2.706 2.701 [2.696–2.707] +0.2% 0.4% 9506/10000

Cohort B primary Ecoregions 0 91 99 [96–103] -8.1% 7.1% 0/10000

Cohort B primary Ecoregions 1 39.665 41.341 [40.577–42.113] -4.1% 3.7% 0/10000

Cohort B primary Ecoregions 2 19.066 18.976 [18.508–19.456] +0.5% 5.0% 6497/10000

Cohort B primary Realms 0 4† 5 [4–5] 4 vs 5† 20.0% 2994/10000

Cohort B primary Realms 1 3.158 3.155 [3.141–3.170] +0.1% 0.9% 7005/10000

Cohort B primary Realms 2 2.904 2.889 [2.872–2.905] +0.5% 1.2% 9628/10000

Cohort B four-quarter Ecoregions 0 82 95 [90–99] -13.7% 9.5% 0/10000

Cohort B four-quarter Ecoregions 1 26.284 28.728 [27.909–29.549] -8.5% 5.7% 0/10000

Cohort B four-quarter Ecoregions 2 9.722 9.609 [9.323–9.921] +1.2% 6.2% 7681/10000

Cohort B four-quarter Realms 0 4† 5 [4–5] 4 vs 5† 20.0% 3747/10000

Cohort B four-quarter Realms 1 2.630 2.655 [2.624–2.685] -0.9% 2.3% 531/10000

Cohort B four-quarter Realms 2 2.334 2.350 [2.328–2.371] -0.7% 1.9% 749/10000

Note: No percentage threshold is applied. † Realm q=0 is discrete and structurally constrained. The two Cohort B 
contrasts are shown as 4 vs 5; empirical ranks 2.994/10,000 and 3.747/10,000 place both within their references; 
these ranks are not exact p-values.

Table 9. Country–FEOW association and within-country variation in the primary networks

Cohort Hierarchy Pool q1 Association Conditional q1 Informative strata Category df
Retained in 

informative strata
Cohort A Ecoregions 37.524 0.482 6.532 30 / 48 214 96.7%

Cohort A Realms 3.305 0.963 1.045 6 / 48 6 33.4%

Cohort B Ecoregions 31.525 0.450 6.664 23 / 36 131 94.8%

Cohort B Realms 2.638 0.932 1.068 4 / 36 4 66.9%

Note: Pool q1=exp[H(E)] and conditional q1=exp[Σc pcH(E|C=c)] use natural logs and station weights over the 
candidate pool restricted to represented countries. Association=1−H(E|C)/H(E). All represented strata enter the 
entropy terms. Sampling slack means retained country count < candidate-pool country count; informative strata 
also contain >1 ecological unit. Category df=Σc(Kc−1) over informative strata.
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Table 10 integrates the archive audit into a 
monitoring-network decision record: temporal 
feasibility, country coverage, FEOW occupancy, 
biogeographic breadth, leverage, and within-
country FEOW structure are evaluated together. 
The four-quarter rule is not labeled good or bad in 
isolation; it produces a different network whose 
suitability depends on the intended assessment.

The principal result is directional instability, 
not the unsurprising rejection of exchangeabil-
ity. EC and TP produced selected increases in 
dominance-sensitive ecoregion representation, 
DO declined across all three hierarchies, NO3-N 
and TSS showed short-lived realm increases, and 
DOC lost 90.7% of stations while gaining ecore-
gion q=2. The same filter can change occupied 
units, Shannon-weighted balance, and dominance 
in different directions. The Hill profile is there-
fore substantive: q=0, q=1 and q=2 answer differ-
ent design questions.

Cohort B illustrates the danger of relying on 
q=2 alone. Relative to equal-size draws, it oc-
cupied fewer ecoregions but distributed stations 
more evenly among those retained. The +46.1% 
equal-size q=2 excess shrank to a +0.5% within-
country residual, so the equal-size evenness ex-
cess was largely reproduced after country counts 
were fixed and was therefore consistent with 
country composition rather than an independent 
property of the retained FEOW profile. The q=0 
deficit persisted. Realm q=0, by contrast, was four 
rather than a median of five but remained within 
its reference range. No single statement that rep-
resentation increased or decreased is therefore ad-
equate across Hill orders.

The within-country comparison also de-
pended on the FEOW scale. Because resampling 
fixes country counts, small q=2 residuals mean 
that dominant-category concentration was largely 

reproduced after country counts were fixed and 
was therefore consistent with country composi-
tion. They do not identify a monitoring agency, 
prove a causal national mechanism, or exclude 
within-country FEOW selection. Most countries 
occupy one realm, leaving little room for realm 
composition to change. Ecoregions vary more 
within countries: q=0/q1 deficits remained even 
when q=2 was near the within-country median, 
and the feasible-range audit confirmed substantial 
q=2 freedom only for the two primary networks.

The country label is therefore an explanatory 
stratum, not a program identifier. Caravan-Qual 
contains harmonized stations the country of which 
is assigned geographically. Agency provenance 
would be required to test whether one institution 
or national program caused the retention pattern. 
The present design can state that most of the q=2 
pattern was reproduced after country counts were 
fixed, making it consistent with country compo-
sition, and that residual ecoregion richness loss 
remains; it cannot replace those statements with a 
causal mechanism.

Systematic leave-one-country-out analysis 
strengthened the influence diagnosis and exposed 
asymmetry. The United Kingdom’s removal 
overwhelmingly changed EC because one coun-
try-category block was concentrated in FEOW 
404. In primary Cohort B, Mexico and the United 
States changed ecoregion q=2 by −47.6% and 
−45.2%, whereas the United Kingdom’s removal 
changed it by +54.3%. A country can therefore be 
influential by contributing either concentration or 
breadth, and dominance alone does not determine 
the sign. The 8.4-fold ecoregion q=2 change after 
the United Kingdom’s removal is a property of 
this release rather than a general consequence of 
temporal filtering; a different national composi-
tion could produce a different influence ranking.

Table 10. Worked Cohort B decision audit for stricter calendar-quarter coverage

Design criterion Indicator Primary 4d/3q Four-quarter 4d/4q Change / diagnosis

Temporal feasibility Retained stations 4.373 2.621 -1.752 (-40.1%)

Country coverage Countries n / q2 36 / 4.460 33 / 4.902 -3 / +0.442

FEOW coverage Ecoregions n / q2 91 / 19.066 82 / 9.722 -9 / -9.344

Biogeographic breadth Realms n / q2 4 / 2.904 4 / 2.334 0 / -0.570

Country leverage Dominant country Mexico (34.4%) United States (41.0%)
Leader changed; 

leading share +6.6 pp

Within-country FEOW 
profile

q0 / q1 / q2 %Δ -8.1% / -4.1% / +0.5% -13.7% / -8.5% / +1.2%
Richness and q1 

decline; q2 alone does 
not show it

Note: The within-country row reports ecoregion q0/q1/q2 percentage residuals.
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The 1980–2025 sensitivity-window analysis 
provides a second caution. Extending the oppor-
tunity period increased retained stations but am-
plified some equal-size departures. The minimum 
number of eligible years is not interpretable with-
out its observation window. The primary 2000–
2020 results are a worked contemporary design, 
while the 1980–2025 analysis shows that magni-
tude is release-window specific.

An archive filter specifies the retained moni-
toring network used to assess stressors, restoration 
outcomes, or transferable models. The worked 
case has the same decision structure as field-net-
work design: temporal regularity competes with 
station retention, FEOW representation, and con-
centration. It extends basin-scale monitoring logic 
(Odnorih et al., 2020) to the selection that occurs 
after a global archive has been assembled; it does 
not claim to design a new physical station network.

Station retention records temporal feasibility; 
q=0 records occupied FEOW units; q=1 records 
balance across common and uncommon units; q=2 
records dominance; leading share exposes country 
leverage; and the two resampling references dis-
tinguish an exchangeability baseline from patterns 
conditional on country counts. Reporting these 
quantities together avoids reducing a network 
change to sample size or evenness alone.

For applied use, the eligibility rule can be re-
ported as part of the network specification together 
with station retention, q=0/q=1/q=2 FEOW rep-
resentation, country leverage, and observation-
window sensitivity before the archive is used to 
evaluate restoration, stressors, or model transfer.

The study remains descriptive and release-
specific. FEOW point assignment measures station 
distribution among mapped ecoregions and realms, 
not upstream-catchment exposure or ecological 
representativeness in a strong causal sense; poly-
gon area also ignores river-network density. The 
equal-size reference is not conditioned on station 
record abundance and therefore cannot test selec-
tion beyond monitoring effort. The within-coun-
try reference does not preserve basin-, agency-, 
source-program- or spatial-clustering dependence, 
so remaining patterns may partly reflect those 
structures. Censored values were not re-estimated, 
and the analysis does not optimize new locations or 
infer ecological conditions. Predictive use would 
additionally require grouped validation and area-
of-applicability assessment because representation 
descriptors do not establish transferability (Meyer 
and Pebesma, 2021; Roberts et al., 2017).

Together, the six-constituent analysis, com-
plete-member input verification, systematic 
country-influence assessment, duplicate-network 
accounting, and observation-window sensitivity 
provide a reproducible characterization of the re-
tained monitoring networks.

CONCLUSIONS

Temporal eligibility changed the composi-
tion of the retained monitoring network, but the 
direction depended on constituent, FEOW hierar-
chy, and Hill order. Richness, Shannon-weighted 
balance, and dominance-sensitive representation 
were not interchangeable: Cohort B retained few-
er ecoregions while becoming more even among 
those that remained.

After country counts were fixed, most q=2 
concentration patterns were reproduced, yet did 
not erase richness and q1 deficits. The country 
nearly determined realm membership, whereas 
several effective ecoregions remained within 
countries. The dominant-category pattern is 
therefore consistent with country composition, 
but the data neither identify national programs 
nor establish selection beyond monitoring effort.

The four-quarter rule increased country q=2 
while removing 40.1% of stations and nine ecore-
gions, reducing FEOW balance and increasing 
the leading-country share. Temporal feasibility, 
ecoregion occupancy, balance, and country le-
verage thus formed one network change, and no 
single metric represented it completely.
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