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letters to nature In the non-mycorrhizal control, there was less than 3 m g−1 non-mycorrhizal hyphae; this represents a background count of non-mycorrhizal fungi in each treatment. In the non-mycorrhizal control treatments of experiments 1 and 2, plant roots were not colonized by AMF and no spores of AMF were found. For further information, readers may contact J.N.K. Received 28 July; accepted 10 September 1998. 1. Schulze, E. D. & Mooney, H. A. (eds) Biodiversity and Ecosystem Function (Springer, Berlin, 1993). 2. Tilman, D. & Downing, J. A. Biodiversity and stability in grasslands. Nature 367, 363–365 (1994). 3. Naeem, S., Thompson, L. J., Lawler, S. P., Lawton, J. H. & Woodfin, R. M. Declining biodiversity can alter the performance of ecosystems. Nature 368, 734–737 (1994). 4. Tilman, D., Wedin, D. & Knops, J. Productivity and sustainability influenced by biodiversity in grassland ecosystems. Nature 379, 718–720 (1996). 5. Hooper, D. U. & Vitousek, P. M. The effects of plant composition and diversity on ecosystem processes. Science 277, 1302–1305 (1997). 6. Aarssen, W. L. Ecological combining ability and competitive combining ability in plants: towards a general evolutionary theory of coexistence in systems of competition. Am. Nat. 122, 707–731 (1983). 7. Grace, J. D. & Tilman, D. (eds) Perspectives on Plant Competition (Academic, San Diego, 1990). 8. Ricklefs, R. W. Environmental heterogeneity and plant species diversity: a hypothesis. Am. Nat. 111, 376–381 (1977). 9. Tilman, D. Resource Competition and Community Structure (Princeton Univ. Press, Princeton, 1982). 10. Grubb, P. The maintenance of species richness in plant communities: the importance of the regeneration niche. Biol. Rev. 52, 107–145 (1977). 11. Huston, M. A. General hypothesis of species diversity. Am. Nat. 113, 81–101 (1979). 12. Brown, V. K. & Gange, A. C. Herbivory by soil dwelling insects depresses plant species richness. Funct. Ecol. 3, 667–671 (1989). 13. Dobson, A. & Crawley, M. J. Pathogens and the structure of plant communities. TREE 9, 393–398 (1994). 14. de Ruiter, P. C., Neutel, A. & Moore, J. C. Energetics, patterns of interaction strengths and stability in real ecosystems. Science 269, 1257–1260 (1995). 15. Bever, J. D., Westover, K. M. & Antonovics, J. Incorporating the soil community into plant population dynamics: the utility of the feedback approach. J. Ecol. 85, 561–571 (1997). 16. Smith, S. E. & Read, D. J. Mycorrhizal Symbiosis 2nd edn (Academic, San Diego, 1997). 17. Grime, J. P., Mackey, J. M. L., Hillier, S. H. & Read, D. J. Floristic diversity in a model system using experimental microcosms. Nature 328, 420–422 (1987). 18. Walker, C., Mizue, C. W. & McNabb, H. S. Populations of endogonaceous fungi at two locations in central Iowa. Can. J. Bot. 60, 2518–2529 (1982). 19. Johnson, N. C., Tilman, D. & Wedin, D. Plant and soil controls on mycorrhizal fungal communities. Ecology 73, 2034–2042 (1992). 20. Helgason, T., Daniell, T. J., Husband, R., Fitter, A. H. & Young, J. P. Y. Ploughing up the wood-wide web? Nature 394, 431 (1998). 21. Streitwolf-Engel, R., Boller, T., Wiemken, A. & Sanders, I. R. Clonal growth traits of two Pruncella species are determined by co-occurring arbuscular mycorrhizal fungi from a calcareous grassland. J. Ecol. 85, 181–191 (1997). 22. van der Heijden, M. G. A., Boller, T., Wiemken, A. & Sanders, I. R. Different arbuscular mycorrhizal fungal species are potential determinants of plant community structure. Ecology 79, 2082–2091 (1998). 23. Johnson, N. C. Can fertilisation of soil select less mutualistic mycorrhizae? Ecol. Appl. 3, 749–757 (1993). 24. Koide, R. T. & Li, M. Appropriate controls for vesicular arbuscular mycorrhizal research. New Phytol. 111, 35–44 (1989). 25. Krebs, C. J. Ecological Methodology (Harper Collins Publishers, New York, 1989). 26. Olsen, S. R. & Sommers, L. E. in Methods of Soil Analysis part 2 403–430 (ed. A. L. Page) (Am. Soc. Agron., Madison, 1982). 27. Jakobsen, I. & Rosendahl, L. Carbon flow into soil and external hyphae from roots of mycorrhizal cucumber plants. New Phytol. 115, 77–83 (1990). 28. SAS/STAT users guide. Release 6.04 (eds Allen, J. F., Ashton, J. J., Cohen, B. L., Cornell, R. Jr, Early, R., et al.) (SAS Institute, Cary, NC, 1989).



performance by signal enhancement. For a texture segregation task in which performance is actually diminished when spatial resolution is too high, we observed that attention improved performance at peripheral locations where spatial resolution was too low, but impaired performance at central locations where spatial resolution was too high4–12. The counterintuitive impairment of performance that we found at the central retinal locations appears to have only one possible explanation: attention enhances spatial resolution. We previously demonstrated that when a spatial cue directs covert attention to an upcoming target location, observers’ performance improves for stimuli designed to measure spatial resolution (for example, the Landolt-square—a square with a small gap on one side)5. This ‘peripheral cue’ putatively draws covert attention to its location automatically2,3,13. Because the display characteristics ensured that neither a reduction in noise nor a change in decisional criteria could explain this attentional facilitation, this finding indicated that attention could enhance spatial resolution at the cue location5. Similarly, in visual search tasks in which observers’



Acknowledgements. This work was supported by the Swiss National Science Foundation and the Natural Sciences and Engineering Research Council of Canada. We thank P. Leadley, D. Read, P. Salzer, B. Schmid, J. Stocklin and D. Tilman for comments. Correspondence and requests for materials should be addressed to I.R.S. (e-mail: sanders@ubaclu. unibas.ch).



Figure 1 Texture segregation task. a, The display consisted of a 2 3 1:5 cm target-



Attention improves or impairs visual performance by enhancing spatial resolution



texture, composed of 3 3 3 lines (oriented at 45 or 1358), embedded in a background-texture composed of 287 lines (7 rows 3 41 columns, subtending 5 3 28 cm) whose orientation was orthogonal to the target. The elements were jittered by 0.3 cm. From a viewing distance of 57 cm, the target subtended 2 3 1:58 of visual angle and the texture display subtended 5 3 148 of visual angle to each side of the centre of the display. The target appeared equally often in each interval (50% of the time) and was centred at any of 35 possible locations along the
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horizontal meridian in a random order. b, Each interval began with a fixation dot at
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the centre, followed by a brief cue. The cue was either ‘peripheral’ (a green
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horizontal bar of 0:3 3 0:6 cm appearing 0.3 cm above the target location) or



Covert attention, the selective processing of visual information at a given location in the absence of eye movements, improves performance in several tasks, such as visual search and detection of luminance and vernier targets1–6. An important unsettled issue is whether this improvement is due to a reduction in noise (internal or external)6–9, a change in decisional criteria10,11, or signal enhancement3,5,12. Here we show that attention can affect



neutral (two horizontal lines of 0:3 3 28 cm appearing above and below the
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display). After an interstimulus interval (ISI), the texture was displayed for an average of 40 ms. The ISI was set individually to keep overall performance level 75% correct; display duration ranged from 15 to 50 ms. A mask, with crosses as elements, followed the stimulus. Observers were asked to indicate the interval containing the target by pressing one of two keys. The order of the 100 practice trials, as well as that of the 288 experimental trials, was randomized.
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letters to nature performance is slower and less accurate as target eccentricity increases, due to the lower spatial resolution of the periphery14, cueing the target location diminished this eccentricity effect1. In another study6, when observers searched for a slightly tilted target, cueing the target location decreased the detrimental effect caused by vertical distracters; the authors suggested that focal attention changes the size of the ‘stimulus analyser’, permitting a finer-scale analysis of a target6. We present a critical test of the ‘resolution hypothesis’, which predicts that attention can actually enhance spatial resolution, so that we can resolve finer details at the attended location. We explored the effects of spatial attention on a task in which performance would be diminished by heightened resolution. If attention indeed enhances resolution, performance at the attended location should be impaired, not improved. Such impairment could not be predicted by previous models of visual attention7–11,15,16. The task involves the detection of a texture target of one orientation appearing at a large range of eccentricities in a background of an orthogonal orientation (Fig. 1a). Unlike in most visual tasks1,5,9,14,17 observers’ performance does not peak when the target appears at foveal locations, where resolution is highest9,17, but rather at midperipheral locations, and drops towards central or farther peripheral locations18–21. Psychophysical and physiological evidence indicates that we process visual stimuli by means of parallel spatial filters, each tuned to a band of spatial frequencies9,17. The central performance drop may be due to the fovea being more sensitive to high spatial frequencies for which neural processing is slower20. Moreover, this drop could reflect a mismatch between the average size of spatial filters at the fovea and the scale of the texture. Spatial filters at the fovea may be too small for the scale of the texture18, such that the foveal resolution may be too high for this texture. As retinal eccentricity increases, the average size of the filters becomes larger and their resolution decreases9,17; filter size is presumably optimal around the peak of performance. At farther eccentricities, the filters may be too big and their lower resolution would limit performance18. We hypothesized that if attention enhances spatial resolution, attending to the target location will improve performance where the resolution is too low (periphery) but will impair performance where resolution is already too high for the task (central locations). We employed a two-interval forced-choice task. Observers indicated which of two intervals contained a texture-target whose orientation



% Correct



95



†



a



†



*



85



c



b



†



†



*



*



†



*



†



*



†



*



75



8



†



*



*



differed from that of the background (Fig. 1a). Half the trials were ‘cued trials’ in which a peripheral cue indicated the target location in the interval containing the texture target, and a non-target location in the interval without a target. The cue was a 100% valid cue because the target could only appear at the cued location; however, it did not signal which interval was more likely to contain the target because both displays were preceded by a cue1. The rest were ‘neutral trials’ in which a pair of lines in both intervals indicated that the target had an equal probability of appearing at any location. The viewing distance was 57 cm for all 28 naive observers. Brief presentation times precluded eye movements between the onset of the cue and the offset of the texture display (Fig. 1b). In neutral trials, performance peaked when the target appeared at 58 eccentricity, not at the fovea, replicating the central performance drop found in a similar texture task18–21. Cueing condition and target eccentricity interacted significantly (Fig. 2a), in a manner consistent with the resolution hypothesis. Accuracy was higher for the cued than the neutral trials at all target eccentricities except at foveal locations (,18), where it was lower. These results are inconsistent with previous models of attention which predict that attention always helps and never hinders performance, but they are consistent with our hypothesis. Given that performance is worse at the fovea because its spatial filters are too small and have too high a resolution for the scale of the texture18,21, further increasing resolution at foveal locations led to a more pronounced drop in performance. Such impairment could result from an attentional mechanism that enhances resolution by effectively decreasing the average size of filters at the attended location (see below). The same mechanism should improve performance at regions where spatial filters are too large and have too low a resolution for the scale of the texture. Performance peaks at different eccentricities when the scale of the texture is manipulated by changing the size of the textural elements, the space between them, or the viewing distance18–20. Enlarging the scale of the texture shifts the peak of performance to farther eccentricities, supporting the idea that segregating larger textures requires larger filters, more abundant at farther eccentricities18. If by increasing the scale of the texture, its mismatch with the size of the filters extends farther towards the periphery, and attending to a location is similar to reducing the size of spatial filters, then cueing should impair performance for a wider range of eccentricities. In experiment 2, we tested this hypothesis by doubling the scale of the
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Figure 2 Observers’ performance as a function of cueing condition and target



were no speed–accuracy tradeoffs. In experiment 2, halving the viewing distance



eccentricity. a, Experiment 1; b, experiment 2; and c, experiment 3 (viewing



doubled the target eccentricity range; in experiment 3, increasing the viewing



distance of 57 cm, 28 cm, and 228 cm, respectively). Within-observers ANOVAs



distance by a factor of 4 reduced the range accordingly (see abscissa scales).



demonstrated significant interactions (P , 0:001); accuracy was higher for the



Note the shift in performance peak and the range in which performance was



cued (squares) than the neutral (circles) trials at more peripheral eccentricities but



impaired by the cue. Error bars correspond to the average 61 s.e. for each



was lower at central locations (exp.1: 0–18; exp, 2: 0–58; exp. 3: 0–0.668). Analysis



condition; symbols denote statistically significant differences at P , 0:05 (aster-
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letters to nature texture; the viewing distance for 20 naive observers was reduced to 28 cm. Consistent with previous studies18–20, doubling the scale shifted the peak of performance to a farther eccentricity (from 5 to 7.68). Again, we observed a significant interaction of cueing and eccentricity (Fig. 2b). Performance in the cued trials improved in peripheral regions but diminished at the four central locations, which extend into the parafovea. Moreover, with the larger texture scale, the cue impaired performance for a larger range of eccentricities (0–58) than in experiment 1. In experiment 3, in contrast, the scale of the texture was reduced for 23 naive observers who viewed the display from a distance of 228 cm, and the range of impaired performance shrank to only 0–0.668 (Fig. 2c). These results suggest that the ranges of attentional impairment and enhancement are mediated by the scale of the texture. Specifically, the finding that target detection at a given eccentricity was either impaired or improved by the cue, depending only on the scale of the texture, rules out the possibility that attention is unable to enhance processing of foveal and parafoveal stimuli in this task. Rather, this impairment results from the characteristics of a given texture and the effects of covert attention. The mere fact that attentional deployment affected performance is noteworthy. Most models of visual processing portray texture segregation based on orientation differences as an early pre-attentive task22, in which information (for example, simple features) is extracted from the display effortlessly and in parallel. Such models cannot account for the effect found here. This effect is consistent, however, with psychophysical studies showing that attention can improve performance in tasks considered to be preattentive, including feature search1,6, feature discrimination23, spatial acuity5 and orientation acuity6 tasks. This effect also supports the finding that performance in a simple feature search task declines when additional attentional demands are imposed24,25. Similarly, neurophysiological studies demonstrate that attention can modify the responses of early visual areas such as V1, V2, V4 and MT/MST neurons26–30. This body of psychophysical and neurophysiological evidence indicates that attentional mechanisms can influence early vision. Either decreasing the viewing distance (Fig. 3a) or directing attention to the target location (Fig. 3b) similarly shifted the peak of performance to farther eccentricities, suggesting that both
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Figure 3 Observers’ performance as a function of viewing distance and cueing condition. For both panels, performance is depicted as a function of per cent correct (left axis) and relative per cent correct, with respect to optimal performance (right axis). The data from experiments 1 and 2 were fitted to second-order polynomials. The fits’ R2 ranged from 0.8 to 0.97. a, Comparing the neutral trials of the two experiments demonstrates the effect of viewing distance on performance. Viewing the display from half the distance shifted the performance peak from 58 to 7.68. b, Comparing the cued and neutral trials of experiment 2 demonstrates the effect of cueing on performance. Directing attention shifted the performance peak from 7.68 to 13.38.
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manipulations increased the mismatch between texture scale and the size of the filters. The former may have done so by increasing the scale of the texture and the latter by decreasing the size of the filters responsible for texture segregation. Like moving closer to the display, attention allows us to resolve better the various details in front of us, which would almost always be advantageous. Yet when a more global inspection of the display is required, for example when one is appreciating an impressionist painting, moving closer is not the optimal strategy. Physiological studies support the hypothesis that attention can enhance spatial resolution by reducing the size of spatial filters at the attended area. When attended and unattended stimuli are both within a cell’s receptive field, the neuronal response is primarily determined by the attended stimuli; responses to the unattended stimuli are attenuated26,27, as if the cell’s receptive field shrinks around the attended stimulus26–28. These authors proposed that attentional modulation of sensory processing is accomplished in two stages: first, top-down signals bias activity in favour of the neurons representing the relevant location, and then these favoured neurons compete with other neurons, ultimately suppressing their response. This competition may result from mutual inhibition between cells or between the inputs to the cells27,28, and its outcome could effectively reduce the cell’s receptive field, allowing finer spatial resolution. Alternatively, enhanced resolution at the attended location could result from increased sensitivity of the neurons with the smallest receptive fields at the attended area4,5, which in turn may inhibit neurons with larger receptive fields there17. According to this hypothesis, the overall sensitivity of the attended region would shift towards higher spatial frequencies. However, the possibility that the central performance drop is mediated by interference between high- and low-frequency information is controversial18,21. We conclude that attentional facilitation in visual tasks may reflect a combination of mechanisms—such as noise reduction, decisional factors and signal enhancement5,6,10,12. This study supports the last mechanism because directing attention improved performance in peripheral locations, but impaired it at foveal and parafoveal locations. These findings imply that attention increased the mismatch between the texture scale and the size of central spatial filters, and provide strong support for the hypothesis that attention M can enhance spatial resolution. 1. Carrasco, M. & Yeshurun, Y. The contribution of covert attention to the set-size and eccentricity effects in visual search. J. Exp. Psychol. Hum. Percept. Perform. 24, 673–692 (1998). 2. Nakayama, K. & Mackeben, M. Sustained and transient components of focal visual attention. Vision Res. 29, 1631–1646 (1989). 3. Posner, M. I. Orienting of attention. Q. J. Exp. Psychol. 32, 3–25 (1980). 4. Balz, G. W. & Hock, H. S. The effect of attentional spread on spatial resolution. Vision Res. 37, 1499– 1510 (1997). 5. Yeshurun, Y. & Carrasco, M. Spatial attention improves performance in spatial resolution tasks. Vision Res. 39, 293–305 (1999). 6. Morgan, M. J., Ward, R. M. & Castet, E. Visual search for a tilted target: tests of spatial uncertainty models. Q. J. Exp. Psychol. 51A, 343–370 (1998). 7. Palmer, J. Set-size effects in visual search: the effect of attention is independent of the stimulus for simple tasks. Vision Res. 34, 1703–1721 (1994). 8. Sperling, G. & Dosher, B. A. in Handbook of Perception and Human Performance (eds Boff, K. R., Kaufman, L. & Thomas, J. P.) Vol. 1, Ch. 2, 1–65 (Wiley, New York, 1986). 9. Graham, N. Visual Pattern Analyzers (Oxford University Press, NY, 1989). 10. Kinchla, R. A. Attention. Annu. Rev. Psychol. 43, 711–742 (1992). 11. Shaw, M. L. in Attention and Performance X (eds Bouma, H. & Bouwhuis, D. G.) 109–120 (Erlbaum, Hillsdale, NJ, 1984). 12. Lu, Z. L. & Dosher, B. A. External noise distinguishes attention mechanisms. Vision Res. 38, 1183– 1198 (1998). 13. Jonides, J. in Attention and Performance IX (eds Long, J. B. & Baddeley, A. D.) 187–204 (Erlbaum, Hillsdale, NI, 1981). 14. Carrasco, M. & Frieder, K. S. Cortical magnification neutralizes the eccentricity effect in visual search. Visual Res. 37, 63–82 (1997). 15. Duncan, J. & Humphreys, G. W. Beyond the search surface: visual search and attentional engagement. J. Exp. Psychol. Hum. Percept. Perform. 18, 578–588 (1992). 16. Wolfe, J. M. Guided search 2.0: a revised model of visual search. Psych. Bull. Rev. 1, 202–238 (1994). 17. DeValois, R. L. & DeValois, K. K. Spatial Vision (Oxford University, New York, 1988). 18. Gurnsey, R., Pearson, P. & Day, D. Texture segmentation along the horizontal meridian: nonmonotonic changes in performance with eccentricity. J. Exp. Psychol. Hum. Percept. Perform. 22, 738–757 (1996). 19. Joffe, K. M. & Scialfa, C. T. Texture segmentation as a function of eccentricity, spatial frequency and target size. Spatial Vis. 9, 325–342 (1995).
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Hippocampal lesions disrupt navigation based on cognitive maps but not heading vectors



session4. Rats with damage to the hippocampus found the platform more efficiently than did normal rats in the first trial of a session but, in contrast to normal rats, their performance did not improve during a session. Our results indicate that hippocampally damaged rats are able to navigate by means of heading vectors but not cognitive maps. Eight male Lister-hooded rats received ibotenic-acid-induced lesions of the hippocampus5 and eight were subjected to a control operation. Following a period of recovery, all rats were trained to find a submerged platform in a Morris pool6. The platform was always 20 cm in a constant direction from a spherical black landmark on the surface of the water (Fig. 1). On completion of behavioural testing, the animals were killed and their brains prepared for histology using a standard nissle stain (Fig. 2). Figure 3 shows the mean latency to escape from the pool (to the platform) for both groups, for the first and last trial of each session of training. The performance of the control group improved across the training sessions and, within each session, performance in the last trial was superior to that in the first trial. The escape latencies of hippocampally damaged rats also decreased as training progressed, but there was little evidence of a within-session improvement in performance. In the first trial of each of the intermediate sessions of the experiment, rats with hippocampal damage found the platform more rapidly than did control rats, whereas in the last trial of these sessions the performance of the control group was superior to that of the hippocampally damaged group. Analyses of variance (ANOVAs) (evaluated at P , 0:05), using individual mean escape
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Animals can find a hidden goal in several ways. They might use a cognitive map that encodes information about the geometric relationship between the goal and two or more landmarks1. Alternatively, they might use a heading vector that specifies the direction and distance of the goal from a single landmark2. Rats with damage to the hippocampus have difficulty in finding a hidden goal3. Here we determine which of the above strategies is affected by such damage. Rats were required to swim in a water maze to a submerged platform, which was always at the same distance and direction from a landmark. The platform and landmark remained in the same place for the four trials of each session, but they were moved to a new position at the start of a



Figure 2 The maximum (dotted region) and minimum (black region) extent of the ibotenic acid lesion recreated on horizontal sections taken throughout the dorsoventral extent of the hippocampus. All hippocampally lesioned animals suffered .90% cell loss in the dorsal aspects of the hippocampus, with two Figure 1 The eight possible positions that were occupied by the landmark (black



animals showing minor incursion of the lesion into the subicular complex. Cell



circles) and the platform (open circles) for rats trained with the platform due south



loss in the mid-dorsal and ventral aspects of the hippocampus was more variable



of the landmark. The diameter of the pool was 2 m, of the landmark 13 cm, and of



(40–70%). Performance of the lesioned animals did not vary with the extent of



the platform 10 cm. For half of the rats in each group of each experiment the



hippocampal cell loss in the ventral aspects of the hippocampus. The sections



platform was south of the landmark, and for the remainder it was north of the



are arranged in descending order through the brain from dorsal (top left) to ventral



landmark.



(bottom).
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