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Abstract 
According to several climate change projections, precipitation in the Netherlands shifts 
from summer to winter and potential evaporation (here defined as the sum of potential 
plant transpiration, soil evaporation, and evaporation from canopy interception) in 
summer increases. These changes lead to more frequent and more intense dry spells. How 
these meteorological changes affect the water balance of nature areas on elevated sandy 
soils is unknown, because of a lack of fundamental knowledge about the actual 
evaporation rate in the various land covers, especially in early successional stages (often 
protected habitats, e.g. habitat type 2130 Grey dunes of the European Habitat Directive). 
This thesis provides quantitative insights into the evaporation rate of dry dune vegetation 
in early successional stages (bare soil, moss, dry grass and heather). These insights may aid 
sustainable management of important groundwater resources and allows quantification of 
the benefit of nature conservation in terms of groundwater recharge.  

Commonly, it is assumed that more vegetation (i.e. more biomass) will lead to more 
evaporation. This rule of thumb does not hold for mosses. With laboratory experiments, 
lysimeter measurements and modelling, we discovered that certain moss and lichen 
species evaporate less than bare dune soil. Mosses are fundamentally different from 
vascular plants because they do not have leaf stomata and most mosses do not have an 
active water transport mechanism. The maximal effects of mosses on evaporation in the 
Netherlands, quantified in this thesis, were +62 mm/y to −91 mm/y compared to the 
same dune soil without moss. With an annual precipitation of 820 mm/y, such 
evaporation differences are approximately equal to +10% and −15% of the annual 
groundwater recharge of bare dune soil. It is therefore important to represent mosses in 
hydrological models of dry dune areas.  

We performed measurements of energy and water fluxes to quantify the energy 
balance of bare sand, moss, dry grass and heather and to parameterize models to simulate 
these fluxes. The net longwave radiation was larger or about equal to the latent heat flux 
and was poorly represented by the widely applied FAO-56 approach to simulate net 
longwave radiation. We therefore developed a model to describe the diurnal pattern in 
surface temperature, which improved net longwave radiation simulations considerably. 
During our measurement campaign in 2013, a dry spell with a return period of 5 years 
occurred at the end of July, which allowed us to assess the effect of this dry spell on 
potential and actual evaporation of dry grass and heather. Directly after the dry spell, parts 
of the vegetation desiccated and died off, leading to a drop in both potential (-37 mm and 
-61 mm, respectively) and actual evaporation (-29 mm and -29 mm, respectively) during 
the remainder of the year. Without accounting for feedbacks of dry spells on evaporation, 
our models would overestimate evaporation.  

Based on field measurements and modelling, we simulated how succession of soil 
and vegetation in grey dunes affect evaporation. Starting with bare sand, after 52 to 76 
years of soil and vegetation succession, the observed change in soil properties and 
vegetation cover led to an increase of 94 mm/y in modeled actual evaporation. The 
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increase in actual evaporation was predominantly caused by soil development (an increase 
of the water holding capacity) and to a lesser extent by an increase in vascular plants. Our 
simulations show that biotic processes (soil and vegetation succession) in the soil water, 
plant, atmosphere system are of great importance for groundwater recharge. Therefore, 
projections of groundwater recharge under climate change scenarios require a dynamic 
ecosystem model, which includes the coupled interactions between climate, soil, 
hydrology and vegetation. Because of feedback mechanisms, such a model may yield 
counterintuitive results. For example, for sandy equator facing dune slopes, we found that 
more energy for evaporation and more rain did not lead to an increase in actual 
evaporation because of the development of a vegetation more dominated by non-rooting 
species (mosses en lichens) and a soil with a poorer water holding capacity. 

Additionally to above insights, we developed a lysimeter to measure actual 
evaporation. Next, we tested a measurement system with which it is possible to spatially 
extrapolate lysimeter measurements with thermal images. By comparing the energy 
balance and the remotely sensed surface temperature of lysimeters with those of the 
undisturbed surroundings, we were able to assess the representativeness of lysimeter 
measurements and to quantify differences in evaporation caused by spatial variations in 
soil moisture content. To our knowledge, this is the only system that allows measuring 
evaporation from a large undisturbed area (e.g. 100 m × 100 m) in such a direct way. This 
measurement method could be adapted to the required spatial scale and may bridge the 
gap between point measurements and field scale estimates of evaporation (e.g. based on 
satellite images or eddy correlation systems).   
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