
1. Introduction

Impact of horizon shade on growing season carbon and water 
fluxes of a subalpine wetland in the Canadian Rocky Mountains 

2. Objectives

• Subalpine wetlands provide a large range of ecohydrological services to Montane & lowland
regions.

• Globally, wetlands store 12-15% of the total carbon (C) pool (Cao et al. 2017), of which subalpine
wetlands contribute 2.5% (Zhao et al. 2010). They are also important ecosystems for controlling
water flow during the growing season when vegetation is active.

• Ecosystem water use efficiency (WUE) is a useful metric to analyse the interaction of water & C
uptake, by quantifying ecosystem photosynthetic C-uptake (GPP) per gram of water lost either
through transpiration (T) or evapotranspiration (ET) (Rosenberg, Blad, & Verma, 1983).

• WUE has been used in studies on mountain wetlands to evaluate seasonal water resources (Hu
et al. 2008; Han, Luo, Li, Ye, Chen, 2013; Strobl et al. 2017; Quan et al. 2018).

• Shade is a common feature in mountains, where complex terrain cycles land surfaces in and out
of shadows over daily and seasonal scales, exerting profound controls on water and C exchange.

• The impact of shade on growing season WUE in subalpine wetlands has not been studied. Shade
can have variable impacts on WUE: if ET is reduced due to lower atmospheric demand in cooler
shaded environments; or if ET is unchanged and GPP is enhanced due to increased productivity
under increased diffuse light created by shading. However, if both ET decreases and GPP
increases, there may be no impact on WUE by shade.

3. Study Site & Methods 

4. Results

1) Characterize growing season carbon and water dynamics of a subalpine wetland located in
complex terrain;

2) Explore if and how horizon shade, caused by local complex terrain, influences water use
efficiency of the wetland;

3) Investigate which key environmental factors, including shade, could explain temporal variability
in observed carbon and water fluxes.
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Reduction in water and carbon fluxes in relation to hours of Shade 
(only cloud free days used in this analysis) 

5. Discussion & Conclusions
• The wetland had lower ET (157.7 mm) over the summer compared to other subalpine meadows & wetlands because

of its shorter growing season resulting from horizon shade.
• Over the entire study period, each hourly increase of shade per day reduced evapotranspiration (ET) & gross primary

production (GPP) by 0.42 mm & 0.77 gCm-2, equivalent to 17% & 15% per day, respectively.
• During peak growing season, when leaves were fully out & mature, shade reduced ET & increased GPP, likely due to

enhanced diffuse radiation, resulting in increased water use efficiency.
• Findings suggest that shaded subalpine wetlands can be productive through short growing seasons under shaded

conditions. Because shade decreased ET but increased GPP, there was an overall increase in WUE during the second
half of the peak growing season, helping to conserve water at the wetland, despite higher Tair during that time.

• Therefore, shaded ecosystems need to be considered in any future assessments of global warming on headwater
wetlands.

• Location: Fortress Mountain, Kananaskis, AB.
• Wetland Classification: Marsh Meadow
• Soil: thin layer of pervious well-sorted sand 

above a semi-pervious layer of very fine silt. 
Greater gravel content near headwall.

• Vegetation: shade tolerant wetland species, 
including: Equisetum, Salix, Castilleja raupii, 
and Erigeron caespitosus

• Annual precipitation: 1,100 mm (70 to 75% 
as snowfall)

• Average air temperature: 14°C in July to 
−10°C in January

• Elevation: 2,085 m a.s.l.
• Size: 9,500m2 (~1 hectare)
• Models: Hill shade & Solar Radiation (ArcMap 

10.6.1)
• Equipment: Water (H2O), carbon dioxide 

(CO2) and momentum fluxes were measured 
at the site with Eddy Covariance (EC). 
Meteorological variables included: air 
temperature, relative humidity, precipitation, 
soil temperature, soil moisture, 
photosynthetically active radiation.

• Microclimate due shade from the headwall:
• Extended snowmelt influences hydrology
• Short growing season (mid July to August)

Site Climatic Conditions during the Study Period
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ET  

(mm) 
GPP  
(g C) 

Reco  
(g C) 

NEE  
(g C) 

WUE  
g C (kg H2O)-1 

Snow Melt 1.80 1.81 1.89 -0.20 2.30 
(June 7 – June 23) (± 0.6) (± 0.8) (± 0.9) (± 0.3) (± 0.7) 
Green Up 3.05 2.90 1.70 1.18 1.90 
(June 24 – July 20) (± 0.6) (± 0.9) (± 0.3) (± 0.8) (± 0.4) 
Peak Growing Season 2.14 4.61 2.20 2.39 3.39 
July 21 – Aug 23) (± 0.5) (± 0.8) (± 0.6) (± 0.5) (± 0.4) 
Late Growing Season 0.98 2.19 1.07 0.97 3.41 
(Aug 24 – Sept 10) (± 0.1) (± 0.1) (± 0.2) (± 0.3) (± 0.9) 
Average 2.31 3.41 1.87 1.49 2.72 
(June 7 – Sept 10) (± 0.8) (± 1.3) (± 0.6) (± 1.1) (± 0.9) 

• The headwall created two unique horizon shade
periods: Steady Shade of about 2 hours per day
during Snowmelt, Green Up, & part of the Peak
Growing season (June 3 – Jul 30). Thereafter,
hours of shade began to increase (Dynamic
Shade) at about 0.12 hours/day until reaching
~6 hours of shade by the end of the study
period (July 31-Spet 10).

• During Dynamic Shade, each increasing hour of
shade decreased ET by 0.42 mm/day & GPP by
0.8 g C m-2 day, overall decreasing the C sink
strength (NEE) by an average of 0.5 g C m-2 day
(y = -0.5x + 3.9).

• We analyzed data from the Peak Growing
season because this was when all the foliage
was mature & fully developed, and was the only
season that experienced both Stable & Dynamic
Shade conditions.

• We found significant reductions in incoming
solar radiation (Rg) from Stable to Dynamic
periods and differences in mean GPP (higher) &
ET (lower) during Dynamic Shade than Steady
Shade. These differences were not individually
significant but resulted in an overall statistically
significant reduced mean WUE during Dynamic
shade compared to Steady Shade.

• We also found that ET was a non-linear function
of Rg, VPD, soil moisture & hours of shade (R2 of
1:1 (observed vs predicted) regression was
0.84). In contrast, GPP was a non-linear function
of Rg (R2 of the 1:1 regression was 0.71). For
both ET & GPP, temporal variability in Rg
explained the most temporal variability in each
flux.

Comparison of group means between Stable and Dynamic shade periods during Peak 
growing season for various variables (n=248 of which 168 belong to Dynamic and 80 to 
Steady), using the Wilcoxon rank test and Student t-test. ẋD represents group mean for 
Dynamic shade and ẋS for Steady shade).

Figure : Map of the study site, equipment, its location in the province 
of Alberta and the Eastern Rockies (a/b), and LIDAR imagery of the 
basin with daily sun path and topographic boundary elevations. 

Figure: Seasonal evolution during a) Snow Melt, b) Green-Up, c) 
Peak Growing Season, and d) Late Growing Season.
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