nature
climate change

ARTICLES

https://doi.org/10.1038/541558-020-0763-7

‘ '.) Check for updates

Increasing contribution of peatlands to boreal
evapotranspiration in a warming climate

Manuel Helbig©®'422< James Michael Waddington
&7 T. Andrew Blacks8, Peter D. Blanken
2 Allison Dunn
e, Thomas Friborg ©", Achim Grelle ®,
20, Elyn R. Humphreys
8 Mika Korkiakoski

27 Mikaell Ottosson Lofvenius”, Annalea Lohila
28 Trofim Maximov?®, Joe R. Melton
" Takeshi Ohta®', Matthias Peichl
33, William L. Quinton
2634 Oliver Sonnentag®35, lan B. Strachan®36,
37 Eeva-StiinaTuittila®®,Juha-PekkaTuovinen
25 Martin Wilmking ©4°, Steven C. Wofsy ©®4 and Vyacheslav Zyrianov33

Mika Aurela®?3, Alan G. Barr
Jiquan Chen®10, Jinshu Chi®", Ankur R. Desai
Lawrence B. Flanagan©, Inke Forbrich
Silvie Harder ®, Michal Heliasz
Hiroki Iwata®24, Rachhpal Jassal
Anders Lindroth
Philip Marsh
Erin M. Nicholls®', Mats B. Nilsson
Roman Petrov®2°, Anatoly Prokushkin
Nigel T. Roulet ®', Benjamin R. K. Runkle
PierreTaillardat

Andrej Varlagin

1, Pavel Alekseychik?3, Brian D. Amiro©®4,
%, Sean K. Carey @],
3, Eugenie S. Euskirchen®,

21 Hiroki lkawa®??, Pierre-Erik Isabelle ®23,
5, Juliya Kurbatova®?>, Lars Kutzbach®?2,
25 lvan Mammarella®©?,

30 Paul A. Moore®', Daniel F. Nadeau®?23,
" Richard M. Petrone?®?,
28 David E. Reed®7°,

5, JessicaTurner'?, MasahitoUeyama©3°,

The response of evapotranspiration (ET) to warming is of critical importance to the water and carbon cycle of the boreal biome,
amosaic of land cover types dominated by forests and peatlands. The effect of warming-induced vapour pressure deficit (VPD)
increases on boreal ET remains poorly understood because peatlands are not specifically represented as plant functional types
in Earth system models. Here we show that peatland ET increases more than forest ET with increasing VPD using observations
from 95 eddy covariance tower sites. At high VPD of more than 2kPa, peatland ET exceeds forest ET by up to 30%. Future
(2091-2100) mid-growing season peatland ET is estimated to exceed forest ET by over 20% in about one-third of the boreal
biome for RCP4.5 and about two-thirds for RCP8.5. Peatland-specific ET responses to VPD should therefore be included in

Earth system models to avoid biases in water and carbon cycle projections.

trial land surface area' and represents a mosaic of forest, peat-
land and lake ecosystems that comprise roughly 80%, 15% and
5% of the biome, respectively”’ (see Supplementary Fig. 1). Their
total above- and below-ground organic carbon stocks of ~1,000 GtC
(ref. *) together exceed the 860 GtC (ref. °) that is currently in the
atmosphere. The largest soil organic carbon stocks are located in the
regions with the highest peatland coverage (Supplementary Fig. 2)
and these will adjust to a warming climate through enhanced soil
organic matter decomposition®, vegetation productivity’, fire,
and other natural and anthropogenic disturbances’, all of which
represent important global carbon-climate feedbacks’; however,
the magnitude of these feedbacks is sensitive to changes in water
availability®'* due to the strong coupling between the carbon and
water cycle in plants, soils and the atmosphere''. Water availability
for soil water recharge and discharge in the boreal biome is partly
controlled by atmospheric water losses through evapotranspira-
tion (ET), which comprises both evaporation and transpiration'.
Accurate projections of future ET are therefore crucial for quantify-
ing carbon-climate feedbacks in a warming climate’’.
Potential ET (PET) is driven by the available energy and the
atmospheric vapour pressure deficit (VPD)'", the latter of which

| he boreal biome covers about one-eighth of the global terres-

is the difference between the saturation vapour pressure and the
ambient vapour pressure and, as such, is a measure of atmospheric
demand for water vapour. Globally, the VPD in the growing sea-
son (May to September) sharply increased after the late 1990s".
Increases in growing season mean daily maximum VPD (VPD)
of up to 10% have been observed in the boreal biome since the late
2000s (in comparison with the VPD, mean of 1981-2010, Extended
Data Fig. 1). With a warming climate, the atmospheric demand for
water vapour is expected to grow further due to a faster increase
in the saturation vapour pressure—as per the Clausius-Clapeyron
relationship—compared with vapour pressure'. Accordingly, Earth
system models (ESMs) project an increase in VPDg at the end
of the twenty-first century (2091-2100 relative to 2006-2015). A
VPDg; increase of 57 +43% (that is, 0.38 +0.29kPa, median + 1)
is projected for the boreal biome (Coupled Model Intercomparison
Project 5 (CMIP5), see Supplementary Table 1 for data sources)
under representative concentration pathway 8.5 (RCP8.5), in which
anthropogenic greenhouse gas emissions continue to rise through-
out the twenty-first century, whereas a VPD; increase of 25+11%
(that is, 0.17+0.07kPa) is projected for RCP4.5, in which emis-
sions peak in 2040 and decline through the twenty-first century.
The absolute magnitude of VPD changes varies across the boreal

A full list of affiliations appears at the end of the paper.
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Fig. 1| Multimodel mean projection of changes in growing season AVPD by the end of the twenty-first century. a,b, Projections for the RCP4.5 (a) and
RCP8.5 (b) scenarios are shown (years 2091-2100 versus 2006-2015, respectively). The output from eight CMIP5 ESMs (see Supplementary Table 1) was

used to determine AVPDy.

biome and is generally most pronounced along its southern limit
in western and central Canada and western and central Russia; it is
least pronounced in Alaska, Scandinavia, eastern Canada and east-
ern Russia (see Fig. 1). Consequently, ecosystems across the boreal
biome will be exposed to varying degrees of increasing atmospheric
water vapour demand over the course of the twenty-first century.

Actual ET responses to VPD vary among ecosystems, mostly
due to differences in aerodynamic (g,) and surface conductance
(g,) for water vapour transfer'’-"*. For example, vascular plants (for
instance, shrubs, trees) can limit water losses during periods of
high VPD through physiological regulation mechanisms, whereas
non-vascular plants (for example, bryophytes, such as mosses and
lichens) lack such regulation®”'. To minimize water loss at times
of high atmospheric demand for water, vascular plants reduce sto-
matal opening thereby reducing g, (ref. >*). The coverage of vascular
and non-vascular plants varies greatly across the mosaic of boreal
ecosystem types with high moss coverage in most peatlands**.
Furthermore, in contrast to boreal forest ecosystems, the water
table in peatlands is often close to the ground surface, providing
ample water supply for ET. Values of g, for water vapour trans-
fer of peatland ecosystems may therefore be higher than those of
boreal forest ecosystems®. Peatlands have recently been integrated
into stand-alone offline versions of the land surface schemes from
several ESMs*, which has led to more accurate representa-
tion of peatland ET dynamics*; however, peatlands have yet to be
included in future climate projections generated by those compre-
hensive coupled ESMs. As a result, ESMs continue to simulate the
boreal region as an upland forest ecosystem® while not specifically
accounting for peatlands. ET responses to a changing climate in the
boreal biome therefore remain poorly constrained®, hindering our
ability to accurately project ET and hence soil moisture trends and
carbon-climate feedbacks™.

To evaluate how ET responds to a warmer climate with increas-
ing atmospheric water demand across boreal ecosystems, we quan-
tified relationships between ET and VPD using multiyear eddy
covariance measurements from 60 forest and 35 peatland sites cov-
ering a wide range of the boreal climate space. These sites were gen-
erally characterized by a dryness index (that is, the ratio of annual
PET to annual precipitation (P); data from ref. **) of <2.5 such that
the VPD limitation of ET is expected to dominate soil moisture
limitation'® (Fig. 2). We found that, with an increase in VPD, ET
increased more in boreal peatlands than in forests (Fig. 3), result-
ing in peatland ET exceeding forest ET by 30+7% under a high
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VPD (>2kPa). To quantify differences in ecosystem controls on ET,
we derived afternoon g, values under an optimal site-specific water
supply and g, values for these ecosystems from the eddy covariance
measurements (see Methods); we found that ET differences between
peatlands and forests were mainly driven by the higher g, (mean
Ag,=1.9+0.5mms™") of peatlands. We estimated the differences
between current and future mid-growing season ET for peatlands
and forests under an optimal ecosystem-specific water supply and
found that peatland ET exceeds forest ET across the boreal biome
by an average of 5+9% under current climatic conditions; how-
ever, under moderate (RCP4.5) and most severe (RCP8.5) warm-
ing scenarios, this percentage is expected to increase to 13+11%
and 28 +17%, respectively. This differential response will alter the
boreal land surface energy balance with important implications
for regional near-surface air temperatures and the development of
boundary-layer clouds®. Furthermore, the projected water avail-
ability is likely to be overestimated by ESMs™ in regions with large
peatland coverage due to an underestimation of evaporative water
losses. Greater ET increases in peatland-dominated regions may
make them more prone to drying than boreal forest-dominated
regions if precipitation changes are similar.

Instantaneous responses of peatland and forest ET to VPD
The ET and g, responses to VPD were analysed using a boundary
line analysis™ (Methods). The upper envelope of the g, relation-
ship to VPD (Supplementary Fig. 3, Methods) only includes the
highest g, for a given VPD bin and thus removes limitations from
other confounding environmental variables (for example, soil mois-
ture, light). The differences in mean half-hourly peatland and for-
est ET increased with increasing VPD and reached a maximum
of 0.13+0.03mmh™" at VPD > 3kPa (Fig. 3a,b). For VPD > 2kPa,
the mean peatland ET was about one-third larger than forest ET
(30+7%). Peatland and forest ET values were of similar magnitude
only at a low VPD of <0.5kPa. Similarly, peatland evaporative frac-
tion (that is, the ratio of latent heat flux to the sum of latent and
sensible heat flux) became increasingly larger than the forest evapo-
rative fraction and reached maximum differences of about 60% for
VPD > 2kPa (0.68 for peatlands versus 0.42 for forests; Extended
Data Fig. 2), indicating clear differences in energy partitioning
between boreal peatlands and forests.

Higher peatland g, compared with forest g, was the main cause
for larger peatland ET for the same atmospheric water demand. At
high VPD (VPD > 2kPa), the mean peatland g, was 44 9% higher
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Fig. 2 | Eddy covariance flux tower locations and spatial pattern of dryness index in the boreal biome. a,b, The locations (circles) of peatland (a) and
forest (b) eddy covariance flux towers in the boreal biome are shown. The colour scheme reflects the mean dryness index during 1981-2010. Data were
obtained from the University of East Anglia Climate Research Unit Time-Series (CRU TS) v.4.02 (see Methods). ¢, The probability distribution of the
dryness index is shown for the entire boreal biome (0.5 x 0.5° pixels from CRU TS v.4.02, n=10,515) and for the flux tower sites (n=95).

than forest g, (Fig. 3c,d). The higher g, of forests (Supplementary
Fig. 4) had only a small effect on the ET- VPD response differences
(Supplementary Fig. 5). We used the Penman-Monteith equation
to model the peatland ET-VPD response to explore whether g, or
&, is driving the observed difference in ET response (Methods). The
root-mean-square error (r.m.s.e.) between modelled and observed
peatland ET values was 0.06 mmh~"' when peatland ET was mod-
elled using forest-specific g, and peatland-specific g,. The rm.s.e.
was reduced by 50% (0.03mmh~") when peatland-specific g, and
forest-specific g, was used, and further decreased to 0.0l mmh=
when both peatland-specific g, and g, were used. These results high-
light the importance of variations in g, responses to atmospheric
water demand within the boreal biome for accurate modelling of ET
across the boreal biome in ESMs.

Increasing contribution of peatland ET in a warming climate
The mean observed cumulative growing season (May to September)
peatland ET across all sites (280+73mm per growing season,
n=122 years, 26 sites, P=0.001) was 11% higher than forest ET
(252 + 63 mm per growing season, n =305 years, 55 sites, Extended
Data Fig. 3), even with the mean growing season net radiation
being slightly lower (105 W m™ versus 114 Wm™> n,y =115 years,
Nyop =282 years, P=0.003). We accounted for the effects of the leaf
area index (LAI) on forest g, by scaling the g—~VPD model using
the satellite-derived mean July LAI (see Methods) to upscale the
differential ET responses to VPD across the boreal biome. By con-
trast, peatland g.—~VPD model parameters did not depend on LAI,
possibly due to the larger contribution of moss evaporation to total
peatland ET?. Upscaled afternoon (15-18h local time) peatland
and forest ET in July (that is, mid-growing season) showed distinct
spatial patterns, with peatland ET exceeding forest ET by about
10% in northwestern Canada and in northeastern Siberia under
the current climate (Fig. 4). In a warming climate, peatland ET is
expected to respond more strongly to increasing atmospheric water
demand than forest ET. Peatland ET exceeds forest ET by more than
20% in only 21+17% of the boreal biome under the current cli-
mate. In a warming climate, this area will expand to 33 +18% and
60+24% for the RCP4.5 and RCP8.5 scenarios, respectively. For
the RCP4.5 scenario, peatlands at the southern edge of the boreal
biome in western and central Canada and in Russia are expected
to experience enhanced evaporative water loss, whereas for the
RCP8.5 scenario, peatland ET is expected to exceed forest ET by
more than 20% in most of the boreal biome, with the exception of
eastern and western coastal regions of North America and Eurasia.
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Fig. 3| ET and g, response to VPD. a, The mean half-hourly growing season
ET responses of peatland and forest ecosystems to VPD (solid lines)

are shown. The shaded areas indicate +1s.e.m. b, The mean difference
between peatland (PTL) and forest (FOR) ET (AET) for each 0.1kPa bin

of measured VPD. The colours show the probability of peatland ET being
higher than forest ET for the same VPD bin. ¢, The observed (solid lines)
and fitted (dashed lines) g, responses of peatland and forest ecosystems to
VPD are shown. The shaded areas indicate +1s.e.m. d, The mean difference
between peatland and forest g, for each 0.1kPa bin of measured VPD (for
VPD > 0.5kPa). The colours show the probability of peatland g, being larger
than forest g, for the same VPD bin.

As such, not accounting for ecosystem-specific land surface prop-
erties of peatlands (as is common practice in coupled ESMs®)
could lead to a considerable underestimation of evaporative water
losses in peatland- and organic carbon-rich boreal regions such
as the Hudson Bay Lowlands, Canada, and the Western Siberian
Lowlands, Russia (Supplementary Fig. 2).

Accounting for peatlands in coupled ESMs

How future water availability will change in the boreal biome mainly
depends on the balance between changes in P and ET; however,
P and ET are tightly and coherently connected in the global climate
system*. Larger peatland contributions to boreal ET in a warmer
climate are likely to lead to complex interactions between the land
surface and the atmosphere; for example, including a peatland land
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Fig. 4 | A comparison of peatland and forest ET under current and future climates. a-c, The ratio of afternoon (15-18 h) peatland (ET,;) to forest ET
(ETor) in July for the current climate (2006-2015) (a) and the RCP4.5 (b) and RCP8.5 (¢) scenarios at the end of the twenty-first century (2091-2100).
d.e, The increase in mid-growing season peatland-to-forest ET ratio at the end of the twenty-first century relative to the period 2006-2015 for the RCP4.5

(d) and RCP8.5 (e) scenarios.

cover type in a regional weather forecast model for the western
Siberian Lowlands substantially altered ET estimates, near-surface
air temperatures, boundary layer growth dynamics and conse-
quently cloud type and cover”. An increase in evaporative frac-
tion (Extended Data Fig. 2) may increase regional growing season
P through greater atmospheric moisture and consequently higher
probability of convective P*"**; however, a concurrent reduction in
sensible heat fluxes would lead to shallower boundary layer depths
limiting the occurrence of convective P events®. Furthermore,
enhanced cloud cover would reduce the available energy at the
ground surface* and potentially limit increases in ET due to
reduced net radiation. Warming-induced changes in regional recy-
cling of P are thus likely not fully captured by ESMs that prescribe
a forest-only boreal biome that lacks subgrid peatland coverage. An
underestimation of ET would also cause an underestimation of sur-
face cooling™***!, which could exert a negative feedback on VPD
trends and lead to overestimation of atmospheric water demand in
current climate projections. As such, there is a critical need to repre-
sent boreal peatland ecosystems in coupled ESMs to accurately sim-
ulate complex regional climate feedbacks arising from the exchange
of water vapour between land and the atmosphere.

In addition to VPD limitations of ET', ET of vascular
plant-dominated ecosystems is expected to be even further reduced
by decreasing stomatal conductance with increasing atmospheric
CO, concentrations™. For peatlands, much weaker ecophysiological
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responses to CO, and VPD are expected due to the lack of stoma-
tal regulation of water vapour exchange in mosses'”*" (Fig. 3c).
Differences between changes in forest and peatland ET could
therefore be even more pronounced than estimated in this study;
however, the ability of boreal forests to conserve water more effi-
ciently than peatlands during periods of high atmospheric demand
may limit water stress in a warming climate more in the former than
in the latter. Reduced water stress in forests could subsequently cause
forest ET to exceed peatland ET during long-lasting heatwaves and
droughts, similar to findings by Teuling et al.** for forests and grass-
lands. Peatland ET responses to VPD will also vary between peat-
land types that have site-specific water table dynamics and vascular
plant and tree coverage®. Vascular plants are often more dominant in
surface- or groundwater-fed fens than in rain-fed bogs****—the two
most common peatland types in the boreal biome. Fens in this study
are characterized by having a higher g than bogs (Supplementary
Fig. 6); however, the decrease in g, with increasing VPD is more pro-
nounced in fens, suggesting a greater ecophysiological regulation of
water losses. Thus, there will likely be limits to the magnitude of ET
increase in fens relative to bogs due to the ability of fen-specific plant
species to regulate their ecophysiological responses.

Water availability impacts in boreal peatlands and forests
Future projections for water availability in boreal ecosystems™ are
probably overestimated in current ESMs due to an underestimation
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of ET. In a warming climate, increasing evaporative demand and
potentially decreasing water availability will have adverse effects on
vegetation productivity. Ecosystems may become less productive
with increasing growing season VPD and lower water availability,
particularly in regions already experiencing growing season water
deficits*’; however, forest and peatland responses will vary due to
differences in plant species composition and their physiological
characteristics (for example, rooting depth, LAI)***. More fre-
quent drought occurrence could additionally lead to accelerated
peatland carbon loss* and increased wildfire activity®, particularly
at the southern edge of the boreal biome.

If increasing peatland ET is not matched by an equivalent
increase in precipitation, then storage and/or runoff will decrease.
Drying could have adverse effects on peatland functioning™. Storage
changes in bogs in particular would be reflected by a lowering of
the absolute water table position due to the lack of groundwater or
surface water inputs™ and could potentially lead to the desiccation of
the surface moss layer®'. The magnitude of this water table decline is
controlled by a number of ecohydrological feedbacks where decreas-
ing surface moisture and lower canopy conductance can break the
tight coupling between VPD and ET and reduce ET losses™. In some
peatlands, the peat column compresses substantially with a lowering
water table resulting in only small changes in water table position
relative to surface height™. In these cases, the coupling between VPD
and ET can remain strong, even during long-lasting drought peri-
ods**; however, greater canopy cover and a shift from the dominant
moss vegetation to vascular vegetation can be expected as a result of
a long-term lowering of the water table*>*. By contrast, recent per-
mafrost thaw-induced increases in surface wetness and boreal forest
loss have been observed in northwestern North America”, resulting
in increasing regional ET*". Furthermore, potential changes in soil
water access due to warming soils and longer growing seasons™ will
additionally affect ET dynamics.

Our results reveal that peatland ET substantially exceeds forest
ET across the boreal biome and that these differences are expected
to increase under a warming climate. ESMs that do not account
specifically for peatland-specific ecosystem properties thus under-
estimate evaporative water loss and overestimate current and future
water availability, particularly in peatland-rich boreal regions. This
bias can have important implications for projections of chang-
ing disturbance impacts (for example, changing fire regimes) and
carbon cycling processes. Representing hydrological and ecophysi-
ological characteristics specific to peatland ecosystems in ESMs will
therefore probably improve their predictive capabilities for future
climate change.
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Methods

Study sites and data processing. We use half-hourly eddy covariance
measurements of ET at 35 peatland and 60 forest (deciduous and evergreen
needleleaf forest, mixed forest, deciduous broadleaf forest, shrubland) flux tower
sites across the boreal biome (Supplementary Data). The peatland subdataset
includes 15 ombrotrophic bogs and 19 minerogenic fens. One peatland flux tower
(FI-SAL) had changing source areas over a fen and a bog depending on wind
direction. Most sites are climatologically hygric and mesic sites. At about half of
the sites (51%), annual P exceeds annual PET, resulting in a dryness index (dryness
index=PET/P) of less than one. This fraction compares well with the entire boreal
biome, in which 53% of the area is characterized by dryness index of <1. The
distribution of dryness index across the flux tower locations and across the entire
boreal biome (0.5°%x 0.5°, data from University of East Anglia CRU TS v.4.02; ref. *?)
was not significantly different (P=0.68; two-sample Kolmogorov-Smirnov test,
see Fig. 2). The dryness index of flux tower sites ranged from 0.4 to 2.2 (median
dryness index=0.96) and the median long-term (1981-2010) dryness index of
peatland sites (0.86, n=235) was not significantly different (P=0.19, Wilcoxon rank
sum test) from the dryness index of forests (1.04, n =60, Supplementary Fig. 7).
Similarly, the median annual long-term (1981-2010) PET of peatland sites

(486 mm, n=35) was not significantly different (P=0.86, Wilcoxon rank sum test)
from the PET of forests (507 mm, n =60, Supplementary Fig. 7). The latitudinal
distribution of peatland and forest flux tower sites was not significantly different
(two-sample Kolmogorov-Smirnov test, P=0.55). The median growing season
incoming shortwave radiation (P=0.17, #1py; = 122, 1150, = 302) and growing season
air temperature (P=0.97, npr; = 164, npop =381) measured at the eddy covariance
tower sites were not significantly different between peatland and forest sites.
Peatland and forest sites were classified based on vegetation class as reported in

the flux tower site metadata. Some sites are located just south of the boreal biome
as delineated by ref. ** (Fig. 2). We have included these sites in our study to better
cover the southern ecotone of the boreal biome®.

In total, 2,431 growing season ET site months (May to September; peatlands,
723; forests, 1,708) were analysed. We used quality assurance/quality control and
friction velocity threshold information from FLUXNET2015 and AmeriFlux
datasets to ensure high-quality flux data (that is, stationary conditions, well
developed turbulence, no sensor malfunction)®. For datasets not drawn from
these databases (1n=>57), we applied a friction velocity threshold algorithm and a
median absolute deviation filter to detect outliers according to ref. °'. If site-specific
friction velocity thresholds were reported in the literature, these thresholds were
used to filter ET. The median of reported energy balance closures for peatland sites
was 0.87+0.11 (n=18) and not significantly different (Wilcoxon rank sum test,
P=0.22) from forests (0.87 +0.10, n=239). Gaps in the ET time-series were filled
using a marginal distribution sampling algorithm® using incoming shortwave
radiation, air temperature and VPD as look-up variables. Gap-filled time-series were
used to estimate growing season totals of ET. All other analyses were conducted
using non-gap-filled time-series. Meteorological variables were not gap-filled. For
the entire boreal biome, monthly P, monthly maximum VPD (derived from the
mean daily vapour pressure and the mean daily maximum air temperature) and
PET were derived from the CRU TS dataset (v.4.02) with a 0.5° resolution for
1981-2017. PET was calculated using a variant of the Penman-Monteith method
with a g, of 14mm s~ and an assumed surface albedo of 0.23 (ref. *%).

Derivation of g and g,. Vegetation influences ET through its effect on g, and g,. Both
conductances can be derived from eddy covariance flux data; g, was derived as follows
including an approximation of the excess resistance to water vapour transport®,

2 -1
B kB! (dp\? U
&= ( ku (dv> + uz)
where k = 0.4 is von Karman’s constant, B~' is a non-dimensional bulk parameter,
u.is the friction velocity, U is the mean wind speed, d,, is the thermal diffusivity
and d, is the molecular diffusivity of water vapour; d,/d, is 0.89 at 20 °C. Under
near-neutral conditions, kB~' can be approximated as the logarithm of the ratio
of the momentum roughness length to the sensible heat roughness length and is
assumed to be 2 for this study (as it is in ref. ©*); g includes stomatal conductance
and conductance of wet surfaces (for example, moss and vascular plant surfaces)
and was derived by inverting the Penman-Monteith equation!'***:

1 (f < R, 1) : 1>g;1 N pc, VPD

fa y \UET yAET
where R, is the available energy (that is, the sum of sensible and latent heat flux);
s is the change in saturation vapour pressure with temperature; 4 is the latent
heat of evaporation; y is the psychrometric constant; and p and c, are the density
and specific heat capacity of air, respectively. We derived g, only for the period
between 15h and 18 h local time that coincided with the mean timing of the peak
VPD across all sites (Supplementary Fig. 8). Furthermore, g, was only derived for

periods with sufficiently high energy fluxes (AET > 50 W m™* and available energy
R,>100W m™2) to ensure numerical robustness.
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Instantaneous ET- and g,- VPD sensitivity analysis. At annual and seasonal
scales, VPD and soil moisture are often correlated'. A strong VPD-soil moisture
correlation could mask any direct ET response to VPD. At subdaily timescales, VPD
and soil moisture are only weakly correlated'*. We therefore analysed the half-hourly
ET and g, to better understand dynamic peatland and forest ET responses to VPD.
We applied a boundary line analysis (see Supplementary Fig. 3 for example)
to study the instantaneous growing season response of ET and g, to VPD at each
site, which removes confounding effects of other environmental variables (that is,
assuming g, values lower than the boundary line values are limited by light availability,
soil moisture, LAI and so on*). We assume that the g, responses to VPD presented
in this study do not account for limitations due to soil moisture anomalies and only
relate to site-specific g, responses to increasing atmospheric water demand.
Half-hourly growing season ET and g, were binned for peatland and forest sites
separately into 31 VPD-bins with a width of 0.1kPa. VPD calculations were based
on measurements of air temperature and humidity co-located with eddy covariance
flux measurements. As we are mainly interested in the g response to VPD, the
upper boundary was defined using g, data. First, g, outliers were identified and
removed from each bin by applying the interquartile rule: outliers are flagged
as all of the data points that are smaller than 25th percentile - 1.5 X interquartile
range (that is, the 75th to 25th percentile) and larger than 75th percentile +1.5x
interquartile range. Second, for each VPD bin, the upper boundary of g, was
defined as all half hours when g,> mean g + 1o following ref. *. The upper
boundary of ET was defined as ET measurements that coincide with the upper
boundary of g.. We therefore assume that the ET response presented in this study
is not driven by wind speed effects on g,. We derived the probability of peatland
ET (and g,) exceeding forest ET (and g,) by applying a permutation test with
1,000 permutations for each VPD bin. We also tested whether available energy
differences may cause the different ET responses to VPD and found that there were
no differences between available energy in peatlands and forests at VPD > 1kPa
(Supplementary Fig. 9).
The g~ VPD relationship was approximated by fitting the following empirical
model to the upper boundary of g:

&
s =g + (1 +—=
& = & ( eVPD)

This parameterization of the g.~VPD relationship is similar to the
approximation of optimal stomatal conductance® but does not include a carbon
uptake (that is, photosynthesis) term. In peatlands, non-vascular mosses without
stomatal regulation often substantially contribute to ecosystem-scale carbon
uptake®. The photosynthesis term was therefore not included in the empirical
g, model. Additionally, variability in g, due to varying carbon uptake rates is
expected to be minimized by applying a boundary line analysis. Model parameters
g, and g, were derived using only data when VPD was >1.0kPa to avoid unstable
g, estimates when derived by dividing by near-zero VPD'. Median peatland g,
(—2.3+3.0mms™") was 2.8 mms~" higher than for forests (—5.1 +2.4mms™"),
whereas the median slope parameter g, was not different (11.4+5.5mms™'kPa
versus 11.8 + 3.8 mm s~ kPa, Supplementary Fig. 10). Median coefficients of
determination of the model fits for peatlands and forests were 0.80 and 0.87,
respectively, and the r.m.s.e. were 0.12mms™" and 0.07 mms™, respectively.

Ecosystem-scale g, is expected to be partly dependent on LAI for vascular
plant-dominated ecosystems; however, a decrease in plant transpiration at the
expense of soil evaporation with decreasing LAI may lead to lower sensitivity of
g, to LAIY. For all flux tower sites, the satellite-based LAI was derived from the
moderate resolution imaging spectroradiometer (MODIS) eight-day LAI product
(MCD15A2H*) with a spatial resolution of 500 m. A monthly averaged eight-day
LATI for July was used for the entire MODIS observation period (July 2002 to
2018) to test whether g.—~VPD model parameters scale with observed LAIL Both
g, and g, for forests scaled with mid-growing season LAI but peatland parameters
were not correlated to LAI (Supplementary Fig. 11). Denser boreal forests were
characterized by higher g at low VPD and higher sensitivity to increasing VPD in
comparison with low LAI forests (Supplementary Fig. 12). This LAI effect on forest
g, was included when upscaling ET by scaling the forest fit parameters g, and g,
using a satellite-derived LAI climatology®.

Calculating current and future peatland-to-forest ET ratios. Boreal peatland
and forest ET during the mid-growing season were estimated for the entire boreal
biome using current (2006-2015) and projected future (2091-2100) mean daily
maximum VPD (RCP4.5 and RCP8.5) for July. At 76% of the flux tower sites,

July was the month with the highest monthly ET. Peak VPD during the day

is usually reached between 15h and 18 h (Supplementary Fig. 8) and our ET
estimates therefore represent afternoon ET rates. Afternoon ET is usually a good
predictor of daily ET and explained on average 91% + 3% of the variability in daily
ET rates in July across all flux tower sites. The Penman-Monteith equation was
used to calculate ET:

sRy+pc,VPDg,

= s+y(1+§—j)


http://www.nature.com/natureclimatechange

ARTICLES

NATURE CLIMATE CHANGE

Current VPD was derived from the CRU TS dataset (2006-2015), whereas
the projected AVPD (that is, the difference between maximum July VPD for the
periods 2091-2100 and 2006-2015) was added to current VPD to derive future
VPD. VPD time-series were calculated using ESM simulations of daily specific
humidity, maximum air temperature and atmospheric pressure to derive AVPD,
as described in ref.”.

Afternoon available energy (R,, 15-18h in July) was estimated as follows:

1. We used the global FLUXCOM land-atmosphere energy flux product’ to
estimate R, (that is, the sum of sensible and latent heat flux) under current
climatic conditions for each 0.5° grid cell. We used daily mean R, for July
for the ten-year period from 2004 to 2013; 2013 is the most recent year with
FLUXCOM coverage.

2. We applied empirical relationships between mean daily and mean afternoon
R, derived from eddy covariance flux tower measurements (across all sites:
r*=0.63+0.15, n="75) to estimate afternoon R,. First we tested whether there
was a difference in the mean daily R, between peatland and forest sites. The
mean daily peatland R, (109 W m™2, n,r; =33) was not significantly different
from mean daily forest R, (106 W m™2, 11, =57; Wilcoxon rank sum test:
P=0.78). Mean afternoon R, was 12% lower for peatlands (235 W m) than
for forests (266 W m~2), but the difference was not statistically significant
(Wilcoxon rank sum test: P=0.06). Differences in afternoon R, may be due
to larger ground heat fluxes in peatlands. We applied separate empirical
relationships between mean daily and mean afternoon R, for peatlands and
forests to account for this potential difference in available energy.

3. We derived projected relative changes in R, (%) from CMIP5 model runs
of eight ESMs (RCP4.5 and RCP8.5 scenario, see Supplementary Table 1).
The relative R, changes were then applied to recent R, to estimate future R,
(2091-2100). Empirical relationships between mean daily and mean after-

noon R, were applied to estimate mean afternoon R, for peatlands and forests.

g, was modelled as a function of VPD (equation 3). Model parameters g, and
g, were scaled for boreal forests (Supplementary Fig. 11) using mean July LAI
from a global mean monthly LAI climatology product® (1981-2015, 0.25° X 0.25°
resolution). The mean afternoon (15-18h) g, was derived for each site as
described above.

Uncertainties in current and projected ET estimates due to uncertainties
in VPD and in R, projections and in g, and g, parameterization were calculated
as follows:

1. Weused AVPD and AR, using model outputs from eight ESMs (Supplemen-
tary Table 1).

2. Werandomly selected g, from the set of g, estimates across all peatland and
forest sites (120 times per ESM output).

3. For peatlands, we randomly selected from a normal distribution of peatland
parameters for the g—VPD function (median + 16, 120 times per ESM
output), whereas, for forests, we first scaled forest g-VPD parameters using
the observed LAI relationship and then added a random sample from the
normal distribution of the r.m.s.e. of the LAI relationship (120 times per
ESM output).

4. The interquartile range of the differences in peatland and forest ET estimates
was then derived for each pixel on the basis of the 960 simulations (that is,

8 ESMs X 120 parameter samples, Supplementary Fig. 13); these simulations
were also used to calculate the areal fraction of the boreal biome (and its
uncertainty) in which modelled peatland ET exceeds forest ET by more than
20% for the current climate, RCP4.5 and RCP8.5, as well as its s.d.

Data availability

Source data for Figs. 1-4 and Extended Data Figs. 1-3 are provided with the paper.
Eddy covariance flux tower data used in this study can be accessed through the
AmeriFlux (https://ameriflux.lbl.gov/), FLUXNET (https://fluxnet.fluxdata.org/
data/fluxnet2015-dataset/), or European Fluxes Database Cluster (http://www.
europe-fluxdata.eu/) webpages (see Supplementary Data). Site data that are not
accessible through these webpages (see Supplementary Data) are available from the
corresponding author on request. Monthly climate data and PET can be accessed
through the East Anglia Climate Research Unit webpage (https://crudata.uea.
ac.uk/cru/data/hrg/cru_ts_4.02/). Most CMIP5 model output is archived and
made available through the Earth System Grid Federation (https://esgf.linl.gov/).
CanESM2 model output can be downloaded through the Canadian Centre for
Climate Modelling and Analysis (http://climate-modelling.canada.ca/data/cgem4/
CanESM2/index.shtml) and CESM1-CAM5 model output is available through

the Climate Data Gateway at the National Center for Atmospheric Research
(https://www.earthsystemgrid.org/). Peatland maps are freely available through
the Research Data Leeds Repository (http://archive.researchdata.leeds.ac.uk/251/)
and on request from the corresponding author. MODIS data can be accessed

for all flux tower sites through the Global Subset Tool: MODIS/VIIRS Products
(https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl). The global FLUXCOM
land-atmosphere energy flux data product can be accessed through the FLUXCOM
webpage (http://www.fluxcom.org/EF-Products/). Global monthly mean LAI
climatology can be accessed through the ORNL Distributed Active Archive Center

for Biogeochemical Dynamics (https://daac.ornl.gov/VEGETATION/guides/
Mean_Seasonal_LALhtml).

Code availability

All MATLAB code used in this study is available through the corresponding
author’s GitHub repository’ (https://github.com/manuelhelbig/BWF_Synthesis;
https://doi.org/10.5281/zenodo.3653056) and is available from the corresponding
author on request. The software used to generate all results is MATLAB 2016a.
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Extended Data Fig. 1| Anomalies of growing season (May-September) mean daily maximum vapour pressure deficit (VPD;) for the boreal biome
(circles, relative to the mean of 1981-2010). The solid line shows five-year running mean. VPDg; is derived from the University of East Anglia Climate
Research Unit [CRU] TS v4.03 dataset (Methods) and boreal biome grid cells are identified based on ref. *°.
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Extended Data Fig. 2 | Relationship between observed half-hourly afternoon (15h-18h) evaporative fraction and vapour pressure deficit for forest and
peatland sites during the growing season. Shaded areas show standard errors.
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Extended Data Fig. 3 | Probability density function (PDF, solid lines) of observed growing season (May- September) forest (n = 305 growing seasons) and
peatland (n =122 growing seasons) evapotranspiration. Dashed lines show median growing season evapotranspiration.
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