Water use efficiency in west coast Douglas-fir: Effects of seasonal and interannual climate variability, stand age and nitrogen fertilization*
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Water is an important factor influencing forest growth and thereby potential carbon (C) uptake by photosynthesis (Baldocchi, 1997; Arneth et al., 1998). Water use efficiency (WUE), defined as the ratio of gross ecosystem photosynthesis (GPP) to evapotranspiration (Et), is a major indicator in the survival and productivity of forest ecosystems. Seasonal and interannual climate variability and interactive effects of plant nutrients and soil water supply strongly influence GPP and Et, and hence WUE through their effects on energy partitioning and canopy conductance. Since part of Et is due to evaporation from the soil and wet leaf surfaces (due to precipitation interception), stand structure and age are expected to exert strong influence on WUE. Studying Et from forests is also important in relation to regional climate through surface-atmosphere interactions (Garratt, 1993). We analyzed 23 site-years of eddy-covariance measured GPP and Et data in a chronosequence of west coast Douglas-fir stands (7-, 19- and 58-year-old, henceforth referred to HDF00, HDF88 and DF49, respectively) (Morgenstern et al., 2004; Humphreys et al., 2006). The main objective of this study is to understand the diurnal variations in, and the effects of seasonal and interannual climate variability and stand age on, GPP, Et and WUE. We also report the change in these entities in the three stands after first year of nitrogen (N) fertilization. DF49 (80 ha) and HDF88 (20 ha) were aerially fertilized with urea @ 200 kg N ha-1 on Jan 13 and Feb 17, 2007, respectively, while due to its young age and competing understory, fertilizer to HDF00 (5 ha) was manually applied @ 80 g urea/tree along the tree drip line on Feb 13-14, 2007.


Diurnal variations in GPP and Et on rain-free summer days showed that Et and vapour pressure deficit (D) start increasing around 6 am (immediately after sunrise) when canopy conductance (gc) is the maximum and solar irradiance starts to increase. But within an hour or two, gc starts decreasing so that peak Et is achieved slightly before noon at intermediate gc and D  with the latter continuing its accent and reaching its maximum at 3 pm. On the other hand, GPP starts increasing rapidly with gc early in the morning and reaches its maximum slightly before noon. However, in the afternoon GPP decreases much more slowly than gc.

Seasonal scale observations showed that both GPP and Et generally followed D with all three starting to increase in early spring and reaching their maximum values in early summer. Both GPP and Et began to decrease thereafter when D was the highest and gc was the lowest during summer months when soil water content was low. Daytime dry-foliage gc was highest in the winter months when GPP, Et and D were small indicating low water demand by the trees. Monthly GPP showed a very strong positive linear relationship with Et with the coefficient of determination further increasing to 0.98 when nighttime and wet-foliage periods were excluded. Monthly Et showed a strong positive correlation to monthly net radiation (R2 = 0.94), air temperature (R2 = 0.77), and vapour pressure deficit (R2 = 0.76), and a weak negative correlation to mean soil water content (R2 = 0.22). The latter was likely due to the existence of a negative correlation between temperature and soil water content. 

Annual GPP and Et of DF49 for the period 1998-2007 varied from 1950 g C m-2 to 2390 g C m-2 and from 370 mm to 430 mm, respectively. The highest annual Et values in 2005 and 2007 and the lowest values in 2002 and 2003 corresponded to the highest and lowest values of gc, respectively. Highest GPP was observed in 2004 when annual mean D and gc were intermediate. This also was the warmest of the ten years studied and had well-distributed precipitation so that there was no discernible summer water deficit. Lowest GPP in 2002 corresponded to the lowest mean annual gc associated with low growing season soil water content. While annual WUE of HDF00 and HDF88 varied with age from 0.5 g C m-2 kg-1 to 4.1 g C m-2 kg-1 and from 2.8 g C m-2 kg-1 to 4.4 g C m-2 kg-1, respectively, it was quite conservative at 5.3 g C m-2 kg-1 for DF49. The results showed that WUE varied little, especially during the growing season, due to a strong coupling between GPP and Et.


We also modelled pre-fertilization annual GPP and Et as functions of spring and summertime air temperature, summer soil water content, annual net radiation and stand age, and calculated what GPP and Et would have been in 2007 if the stands were not fertilized. Comparison with 2007 measured values indicated that N fertilization increased annual GPP to 1020 g C m-2 from the calculated value of 870 g C m-2 at HDF00 but showed little effect on GPP and Et at HDF88 and DF49 in the first year after fertilization.
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