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1. Background & Motivation
↭ Flooding: costliest U.S. natural disaster (→ $20B/yr)
↭ Storms intensifying; only →30% of losses insured
↭ Wetlands = natural sponges, absorbing floodwater
↭ U.S. has lost →40% of wetlands since 1700
↭ Milwaukee Metropolitan Sewage District restoring wetlands

basin-wide on this premise
↭ Key question: Do upstream wetlands measurably reduce

downstream flood response?
Anchor paper What it does
Taylor & Druckenmiller
(AER, 2022)

Wetland loss ↑ flood damage via NFIP
insurance claims at zip code level

Why not replicate? Detail
No variation Basin wetland area barely changes year to year
Collinearity Wetland loss and urbanization overlap
ID strategy Gaps in T&D’s own identification strategy

Full causal chain Scope of this paper
Wetland config ↑
flood depth ↑ NFIP
damage

Wetland config ↑ event-scale flood
response only; Depth ↑ damage / NFIP is
left to future work (§6).

2. Methodology
↭ Regress observed storm-response

metrics on rainfall and a compact set
of wetland-configuration predictors

↭ Unit of analysis: one gauge ↓ one
storm — wetlands act on the peak,
shape, and timing of the hydrograph,
which annual averages wash out

↭ Figure: Milwaukee Basin Shape
File. Locations of all hydrologic
gauges within Milwaukee sub-basin.

Yj,e = ω0 + ω1Pe + ω2Wj + ω3(Wj ·Pe) + ω4 (Ve/Sw,j) + Xj,eε + uj + ϑj,e

Term Definition
Yj,e storm-response metric at gauge j for storm event e
Pe storm precipitation for event e
Wj cumulative wetland-e!ectiveness index for gauge j’s basin
Wj ·Pe peak-shaving interaction
Ve/Sw,j storm volume relative to basin wetland storage capacity
Xj,e other storm/basin controls (e.g. antecedent moisture, land use)
uj gauge (basin) fixed e!ect
ϑj,e error term

We build the model up as a nested sequence of four models,
adding one mechanism at a time against a transparent benchmark:

Model Adds — and the question it answers
M1 basic P + W : do more e!ective wetlands lower the peak?
M2 peak-shaving + W ·P : do wetlands matter more in larger storms?
M3 saturation + Ve/Sw: does response rise once storm volume ex-

ceeds storage?
M4 nonlinear sat. + W·(Ve/Sw): does e!ectiveness fade past capacity?

↭
Identification. The wetland level e!ect ω2 is only cross-
sectional and confounded; the interaction ω3 is identified
within basins, across storms of di!ering size

3-I. Discharge response outcomes Y
An event window isolates a storm-driven discharge response from its rise
above background flow to its return. A RREDI-style detector identifies these
windows using a 7-day rolling-median baseline and ratio thresholds, enabling
comparison of storm responses across events.

Outcome Mechanism Definition
log Qp(primary) peak log(max Q)
log peak-ratio relative peak log(Qp/Bpeak)
runo! coe"cient storage Vquick/Vrain
R–B flashiness shape ∑

i |Qi ↔ Qi↔1| / ∑

i Qi

3-II. Rainfall & control variables
Storm response modeled against rainfall forcing and basin controls

Variable Definition Role
Pe cumulative basin rainfall over the

event window (radar/PRISM QPE)
forcing

api_30 30-day antecedent index, decayed
(k=0.9), summed before storm

prior wetness

log DA log drainage area basin size
impervious % NLCD basin mean, by event year urbanization
Ksat POLARIS surface conductivity infiltration
channel slope 3DEP channel-cell slope wave timing
winter flag Dec–Mar indicator season

Pe and api_30 are non-overlapping.

3-III. Weighted wetland e!ectiveness W
Each wetland contributes type-weighted storage, discounted
by hydrologic travel time to the gauge:

Wj = ∑

i
Mtype,i Vi e↔Tij/ϖ , Sw,j = ∑

i
Vi.

Vi = wetland storage (NWI area ↓ Volume–Area law); Mtype,i
= Cowardin-type attenuation weight; Tij = DEM/D8 travel time
(overland + channel, shown in the figure below). W is connectivity-
delivered, type-weighted storage; Sw is total upstream storage.

Figure: Wetland connectivity construction. Wetlands (green) ↑ D8 flow
field ↑ travel-time-weighted connectivity to each gauge.

4. Regression: wetlands flatten rainfall–peak
OLS with gauge-clustered SE; continuous predictors are stan-
dardized. Main e!ects are evaluated at the mean of the interacting
variable. M2 adds the hypothesized peak-attenuation term; M3–
M4 test capacity e!ects.

Predictor M1 M2 M3 M4
P (rainfall; at mean W ) 1.00↗↗↗ 0.96↗↗↗ 1.19↗↗↗ 1.24↗↗↗

W (wetlands; at mean P ) ↔0.38↗↗↗ ↔0.22↗↗↗ ↔0.13↗↗↗ ↔0.20
W ·P (peak attenuation) ↔0.20↗↗↗ ↔0.20↗↗↗ ↔0.17↗

Ve/Sw (capacity pressure) ↔0.33↗↗↗ ↔0.41↗

W ·(Ve/Sw) (capa. moderation) ↔0.05
↗↗↗p<.01, ↗↗p<.05, ↗p<.1; six controls; N=5,907; R2 ↘ .77.

↭ W ·P carries the hypothesis: its estimate remains ↔0.17
to ↔0.20, indicating greater wetland e!ectiveness weakens
rainfall-to-peak response, especially in larger storms.

↭ Level e!ect W is conditional on avg rainfall and not robust.
↭ Robustness: placebo p=.002; WCB p=.016;

leave-one-gauge-out estimates retain the negative interaction.

5. Results: a consistent attenuation signature
The interaction is negative and significant across every outcome:

Outcome Meaning of negative W ·P Estimate p
log Qp (primary) lower storm peak ↔0.20 .016
log peak-ratio smaller peak relative to event scale ↔0.28 .027
runo! coe"cient less rainfall converted into runo! ↔0.02 .029
R–B flashiness smoother, less abrupt hydrograph ↔0.004 .043
Outcome scales di!er; coe"cient magnitudes are not directly comparable.
↭ Together, results are consistent with temporary storage

and delayed routing.
↭ No capacity threshold is detected: W ·(Ve/Sw) = ↔0.05

is not significant.
↭ The evidence supports peak attenuation and hydrograph

reshaping, but not a robust wetland level e!ect or
systematic saturation beyond estimated storage capacity.

6. Conclusion, Limitation and Future Work
↭ Significant Flood Attenuation: Upstream wetlands strongly

reduce peak discharge and flashiness in larger storms.
↭ Key Mechanism: Floods are attenuated primarily by delaying

and desynchronizing runo!, rather than raw storage volume.
↭ Nature-Based Solution: Measurably lower downstream peaks,

as an e!ective complement to engineered infrastructure.
↭ Limitation: 1) Nine gauges, with varying watershed

size/urbanization, hard to isolate wetland e!ect 2) Daily
precipitation data may miss short, intense bursts

↭ Future work: more independent watersheds,
higher-resolution precipitation, event-detection sensitivity
tests, link discharge to flood depth and damages.
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